Processing hard rock lithium by Wise, David
 
  





BSc, BEng(Hons), MPA 
An honours research thesis submitted to Murdoch University 
to fulfil the requirements for the degree of a 











I declare that this thesis is my own account of my research and contains as its main content work, 







I would like to offer my gratitude to my supervisors Aleks Nikoloski, Pritam Singh and 
Nasim Salakjani. I have appreciated their advice during this project and I am greatly 
indebted for their guidance and support.  I would also like to thank the Minerals Research 
Institute of Western Australia for their generous donation of the Odwyn Jones Research 
Honours Scholarship. This financial assistance has contributed towards making this 
dissertation possible. I greatly appreciate the support in overcoming financial difficulties 




The focus of this thesis project has been on recovering lithium from its mineral ores, 
primarily being from spodumene. The general process for recovering lithium has been to 
begin with a roast to improve the dissolution rate of lithium ions. This occurs by 
expanding the crystal structure from an alpha to beta-spodumene form. However, this 
initial roast contributes a significant energy expense in processing the ore.  
This project has aimed at finding an alternative, less expensive pre-treatment for 
recovering lithium from spodumene ores. The attempt has been to use a caustic leach 
within an autoclave at an elevated pressure of 40 bar and moderate temperatures of 150 
to 250°C. A 0.01M acid digestion followed at temperature of 50°C for 12 hours. The 
obtained results were from Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
and X-Ray Diffraction, which indicated a very poor extraction. The x-ray peaks did 
however indicate a potential change in crystal structure. Overall, the experiment remained 
as a work in progress with the identification of newly formed x-ray peaks still being 
required. Solid residue analysis has also been helpful in providing a conclusive account 
of the mineral elements.   
 
There were three sections covered in this study. The first phase has involved preparing a 
comprehensive literature review to give a general overview of the lithium industry. The 
literature review is located within Appendix A. The second phase was then to develop a 
planned laboratory procedure, while covering an adequate risk assessment and budgetary 
proposal. These planning activities are within the Program of Study that is located within 
Appendix B. The final phase was then to apply the practical autoclave leaching 
experiments on mineral samples. The body of this thesis contains the laboratory report, 
which presents the applied procedure and the analysis of results. The main intention was 
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to identify efficiencies, reduce costs and provide more an effective lithium recovery 
option, for commercial use. 
 
The literature review has targeted the world’s lithium resources along with the various 
technologies that exist for its extraction from primary and secondary deposits. The acid 
leaching, alkaline, ion-exchange, pressure leaching, bioleaching and chlorination 
processes have been examined for processing the primary mineral ores of spodumene, 
lepidolite, amblygonite, petalite, zinnwaldite and clays. Brine resources; have also been 
explored with its extraction process techniques of adsorption, precipitation and ion 
exchange through solvent extraction. The secondary resource of recycling lithium ion 
batteries (LIBs) have then evaluated as an alternative source and explained in detail. This 
has involved an initial pre-treatment of the spent LIBs, acid leaching of the metals and 
recovery of the lithium and by-product compounds from the leach liquors. The suitable 
recycling processes to handle the varying compositions of available batteries have also 
contributed. Another secondary resource has been lithium’s presence in seawater; 
however, this source has been ignored as an uneconomical supply due to its very low 
concentration. Overall, the key industrial extraction procedures were critically examined 
with reference to various journal articles and patents. The essential objective has been to 
provide a detailed description of the available lithium recovery techniques that are applied 
to the various reserves. 
 
The second phase was to complete a program of study. This involved outlining the project 
objectives, intended materials and equipment items. The identification of potential health 
and safety aspects were include with major risks examined. This involved an overview of 
the toxicity of materials and potential hazards within the laboratory workplace and a risk 
assessment with control measures being completed. The intended experimental procedure 
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was then outlined which targeted the operation of the autoclave equipment, the sulphuric 
acid process and the caustic treatment options. A laboratory plan was developed to 
optimise several testing parameters for an autoclave leach. This plan involved adjusting 
the leaching reagents, their concentration, the temperature, pulp density, grind size and 
ore variability. The remainder of the program of study then budgeted and scheduling the 
activities and expected outcomes. Overall, this second section was a planning procedure 
to determine the direction of the project.  
 
The final phase was then to complete the practical laboratory procedures and an analysis 
of the obtained results. Once completed, this developed a laboratory report that is the 
body of this thesis article. This section introduces the reasons for the intended procedure, 
lists the actual materials and method applied before evaluating the results. Major changes 
to the laboratory plan were identified, before focusing attention on presenting and 
discussing the results. Overall, the planned variation of leaching conditions has been 
replaced. A variation of caustic leaching reagents were instead implemented at varying 
temperatures, with the solid residues then being treated with a secondary acid wash. The 
conclusion section then summarizes the results and suggests any further testing 
recommendations.  
 
The literature review and program of study have been placed in Appendix A and B due 
to a word limitation within the body of this article. As such, the body only contains the 
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Chapter 1 Thesis Approach 
1.1 Background 
The direction of this engineering honours thesis has been towards researching how 
lithium can be recovered from hard rock minerals within Australian mines. The demand 
for lithium has drastically increased over the past few years in-line with the introduction 
of lithium ion batteries being developed for electric cars, solar panels and electronic 
devices. With the move towards renewable technologies, the demand for lithium has been 
forecast to expand significantly over the coming decades. The very low density and high 
electrochemical potential properties of lithium are being applied with the expansion of 
major lithium ion battery plants. To name a few; are Tesla’s Giga-factory in the United 
States of America to the development of Contemporary Amperex Technology’s advanced 
lithium-ion battery plant among other mega-factories within China. With this increase in 
demand, Australia’s access to high concentrate lithium minerals like; spodumene, 
lepidolite and petalite, has allowed hard rock processing to become an opportunity for 
economic growth. However, its additional energy and reagent consumption requirements 
has made the hard rock processing model significantly more expensive to operate when 
compared to foreign brine resource treatments. Hence, there has been the need to improve 
and optimise these treatment options to reduce the associated operating costs and produce 
efficiencies.  
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1.2 Statement of the Problem 
This thesis aims at evaluating the hard rock lithium recovery processes, since further 
research and development could present efficiencies for a greater profitability margin. 
The chemistry within the metallurgical processes will be evaluated by demonstrating the 
process fundamentals of extraction from ores, along with the separation and recovery of 
lithium. It is the chemical composition of these minerals that drastically alters the 
treatment options with variations in the type and amount of reagents used. Since the 
chemical and physical make-up of these minerals is different, a process used on one type 
of ore is often ineffective on the others. Emphasis has been placed on recovering lithium 
from spodumene ores due to its dominance within Australian mines. The targeted 
processing option has been to use a caustic autoclave leach, at high pressure with 
moderate temperatures. This method is being explored as an alternative to a high 
temperature pretreatment roast, in an effort to reduce operating costs. The major problem 
associated with processing spodumene ores, is that this required roast significantly 
increases the operating cost. This pretreatment is why it has been so expensive to process 
ores when compared to managing alternative brine resources. The body of this thesis is 
directed towards the laboratory approach, procedure and results analysis. Meanwhile, the 
literature review section, within Appendix A, provides the research details, while giving 
a much broader overview of the processing options. This research section outlines the 
overall lithium industry, while focusing on the dominant lithium recovery options from 
economic ores, clays and brine resources. Of most interest are the sections that have 
focused on the chemistry of reactions when administering treatments for processessing 






1.3 Objectives of the Investigation  
The main objective of this thesis has been to use a caustic autoclave leaching procedure 
to recover lithium from alpha spodumene. This autoclave process has been applied as an 
alternative to the pre-treatment roast in an attempt to reduce operating costs. Ideally, high 
pressure and moderate temperatures would allow caustic solutions to dissolve the lithium 
ions and recover them from the solid ores.  
Alpha spodumene has been known to be chemically inert due to its silicate crystal 
structure that surrounds and encapsulates its lithium ions. However, recent developments 
have sparked interest with the opportunity for further research. For instance, Lithium 
Australia’s, Sileach, and Liena processes have claimed successful recoveries from alpha 
spodumene. The Sileach process has used sulphuric acid and halides to break apart the 
silicate bonds at atmospheric pressure and a lower temperature of 90°C. Meanwhile, their 
Liena process is a selective caustic leach for the production of lithium hydroxide, with 
both options being claimed as low energy processes. There is also Lepidico’s L-Max 
process which is another flotation procedure that claims that they have not required the 
pyro-metallurgical treatment with a successful high lithium recovery.  The public 
information available on these processes is currently very limited, with pending patents, 
however has sparked interest for further conclusive research. 
The increase in lithium demand and the potential for developing alternative recovery 
options at reduced cost has been the motive behind this project. The objective has been 
to use a variety of caustic solutions to dissolve and extract lithium ions from alpha 
spodumene in a direct hydrometallurgical treatment. This has involved a caustic autoclave 
leach and acid digestion of the solid residues, without the prior roasting treatment. 
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1.4 Assessment Structure 
The thesis unit has been split into three assessable components; the first stage being; an 
extensive literature review that identifies and describes these dominant lithium extraction 
techniques. This theoretical research potion has been prepared and completed by the end 
of the first semester. The second component was then to develop a laboratory procedure, 
the health and safety requirements, budgetary plans and intended schedule. The final stage 
then occurred in the remaining semester, which was directed towards completing these 
extraction techniques within the laboratory as a practical component. This section also 
involved the analysis of results and development of the final report. These segments are 
detailed below.  
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1.4.1 Literature Review Plan 
This theoretical section has reviewed lithium extraction from its well-known mineral ores, 
while specifically targeting spodumene. Emphasis has been placed on researching the 
current processes employed at Greenbushes, Australia’s largest lithium mine site along 
with its processing plant. In doing so, an understanding of the chemical reactions within 
flotation has been emphasised, with any relevant issues or problems being highlighted. 
The literature review has also illustrated the chemical composition of the lithium micas 
while describing how to efficiently process them for lithium extraction and purification. 
This theoretical element has briefly elaborated on how lithium is used within products, 
the cause for its increase in demand, while commenting on the economic localities of this 
resource’s reserves. The primary focus has been directed towards describing the 
economically feasible processing models. These have been investigated for the extraction, 
separation and recovery of lithium in terms of its technological and chemical perspectives. 
Finally, the dissertation has illustrated the challenges that the lithium resource industry 
faces; being, to reduce operational costs and maintain process sustainability. This has led 
to options for improving the extraction and recovery procedures for lithium. The literature 
review is located within Appendix A. 
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1.4.2 Program of Study Overview 
Prior to the laboratory experiments, a progress report has been prepared to illustrate the 
main ideas developed within the literature review and to establish the intended 
experimental methods and procedures. In doing so, a more defined laboratory testing 
schedule has been produced to outline the intended plan for semester two while taking 
into account the budgetary scope alongside the health and safety aspects. This has initially 
involved planning a laboratory procedure, completing a risk assessment in regards to 
potential hazards, producing a budgetary plan and schedule before commencing the 
laboratory work. The following laboratory experimental synopsis gives a brief summary 
of the actual laboratory procedure. However, it should be noted, that the Program of Study 
section was assessed as a planning activity. As such, the intended procedure in this section 
ended up being very different to the actual procedure applied. The program of study is 
located within Appendix B.  
 
1.4.3 Laboratory Experiments Plan 
Having completed the literature review and program of study, samples were then obtained 
from Greenbushes mine site for a practical component. The initial plan was to test these 
mineral samples under different conditions to allow comparisons to be made between the 
results. Potential variances were going to include changes in the comminution grind size, 
temperature, reagents, their concentration and ore types. Overall, the project plan was to 
optimize the process by finding the favourable conditions for lithium extraction. 
However, limitations within the laboratory procedure and results had a major influence 
on the laboratory plan. This caused the procedure to be altered and instead involved an 




The autoclave leach was completed under different temperatures and reagents with the 
solid residues then being acid washed. 
 
Once all the laboratory results had been collected, a report was then formalised which 
indicates the performance of the testing procedure for lithium extraction. This final thesis 
dissertation compiles these documents and links the process overview and technical 
issues raised to the analytical report findings. The intention of this research has been to 
define how lithium is currently processed in Australia and to optimise a procedure for a 
higher-grade concentrate with reduced costs. This study has been completed as there is a 
growing demand for lithium and Australia is in a position to take advantage of it.  
 
1.4.4 Intended Presentation and Deliverables 
A final presentation of the thesis outcomes has been made, that included an overview of 
the central concepts within the literature review, a detailed discussion of the experimental 
procedures performed along with the results obtained. These documents have been 
complied within this final thesis dissertation, for submission. 
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Chapter 2 Results and Discussion 
2.1 Introduction 
The following paragraphs give a brief overview of the initial pre-treatment roast that is 
the common method of altering the crystal structure to improve its amenability to 
chemical attack. Emphasis is then place on an alternative approach, while outlining the 
intended aims and objectives of this laboratory report.  
Spodumene’s lithium oxide content can be as high as 8.0% and due to its dominance 
within Australian mines; the intention of this laboratory procedure has been to focus on 
its extraction. The difficulties faced by the market is that it is expensive to process due to 
an initial roast at 800 to 1,100°C. This energy expense has been necessary to transform 
the ore from its natural α-spodumene to its β-spodumene form. This occurs by a volume 
expansion that introduces cracks into the crystals structure and allows acidic or caustic 
solutions to saturate the lithium ions, which dissolves them into solution. The α-
spodumene is known to be chemically inert and very stubborn as the silicate crystal 
structure surrounds and encapsulates the lithium ions. This essentially prevents them from 
being dissolved and removed from the gangue material. The transition, results in an 
irreversible physical change which: 
1. Increases the volume and surface area of the material  
2. Becomes less densely packed 
3. Weakens the crystal structure of the material 
4. Offers the lithium ions more mobility in the material 




This β-spodumene transformation has been crucial as it produces passages that allow a 
solution to saturated and dissolve the lithium ions. This pre-treatment roast has become 
the dominant commercial approach, while it has been accepted that α-spodumene is 
stubborn to chemical attack and remains inert. As such, there has been little research on 
recovering lithium from the natural α-spodumene form. The major lithium extraction 
methods; identified within the literature review, involved ion exchange reactions with 
either an acid or base. However, the successful attempts were all recovering the lithium 
ions from β-spodumene, with little triumph being made with α-spodumene. As such, any 
success within these experiments could potentially overcome the problems associated 
with having high roasting costs and has been the focus of this research thesis.  
2.1.1 Aims 
In an attempt at reducing the operating costs of processing spodumene, a caustic autoclave 
leach has been implemented. The intention of this experimental procedure was to caustic 
leach the lithium ions from α-spodumene with the use of high pressure and moderate 
temperatures. This attempt was made to eliminate the pre-treatment roast and thereby it’s 
associated energy expense. The approach has been to mix ground α-spodumene with a 
variety of caustic solutions in an autoclave leach either to recover its lithium content or 
to alter the ores silicate structure and solubility for further testing. The primary focus has 
been to use a variety of hydroxides to dissolve and recover the lithium ions into solution.  
This involved an autoclave process that held a pressure of 40 bar and varying 
temperatures of between 150 to 250°C. If this first method was unsuccessful, then a 
second option was to the use sulphuric acid, hydrochloric acid or deionised water to 
saturate the solid residues and dissolve the lithium ions within 12 hours. This second 
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approach may potentially have favourable results if the initial autoclave leach had 
influenced or changed the α-spodumene’s crystal structure and solubility.  
 
The intended autoclave reactions between the α-spodumene and acid/hydroxide solutions 
would be as follows: 
Acidic Reaction: 
1) 2𝐿𝑖𝐴𝑙𝑆𝑖2𝑂6 + 𝐻2𝑆𝑂4 → 𝐿𝑖2𝑆𝑂4 + 𝐻2𝑂 + 𝐴𝑙2𝑂3  +  4𝑆𝑖𝑂2 
2) 𝐿𝑖2𝑆𝑂4 + 𝑁𝑎2𝐶𝑂3 → 𝑁𝑎2𝑆𝑂4 + 𝐿𝑖2𝐶𝑂3 
These reactions form a soluble lithium sulphate that is then, recovered and converted into 
a final lithium carbonate solid.  
Alkaline reaction: 
3) 6𝐿𝑖𝐴𝑙𝑆𝑖2𝑂6 + 8𝑁𝑎𝑂𝐻(𝑎𝑞) → 𝑁𝑎8𝐴𝑙6𝑆𝑖6𝑂24(𝑂𝐻)2 + 6𝐿𝑖𝑂𝐻 + 6𝑆𝑖𝑂2  
4) 2𝐿𝑖𝑂𝐻 +  𝑁𝑎2𝐶𝑂3(𝑎𝑞) → 𝐿𝑖2𝐶𝑂3 + 2𝑁𝑎𝑂𝐻  
These reactions form spodumene sodalite, lithium hydroxide and silicon dioxide. The 
lithium hydroxide solution is then recovered and reacted with sodium carbonate to form 
lithium carbonate. 
 
Ultimately, the desired reactions are where an acidic or an alkali metal salt causes an ion 
exchange reaction where the hydrogen, potassium or sodium ions replace the lithium ions 
in the ore. This produces a lithium-enriched liquor through a leaching reaction where the 
cations in the solution are exchanged for the cation ions in the spodumene ore. After this 
reaction, the liquor can then be filtered and treated with sodium carbonate to precipitate 
and recover the lithium carbonate solids. 
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2.1.2 Objectives 
This experiment has focused on attempting to use hydroxide reagents to dissolve the 
lithium ions into solution. However, knowing that α-spodumene is chemically inert meant 
any adjustments to its silicate crystal structure would likely be just as important. For this 
reason, the intention of the experiment has been to use caustic leaching as an alternative 
to the roasting pre-treatment. In this sense, the caustic leaching approach was not intended 
as the main extraction stage, rather as a substituted pre-treatment.  
 
An acid digestion of the solid residues was then attempted; as the leaching stage, to 
recover the remaining lithium ions. The objectives were to apply these hydrometallurgical 
procedures to recover the lithium ions into solution and then to use ICP-MS, X-Ray 
Diffraction and solid residue analysis to obtain conclusive accountability results. 
 
2.2 Experimental 
This experimental section briefly outlines the equipment and materials that have been 
implemented in the laboratory procedure. There is the detailed testing method applied 
before a brief discussion of the type of analytical equipment used. The operation of these 
diagnostic machines are also explored to provide an understanding of their function in the 






 An acidic and a caustic autoclave  
 A water bath 
 ICP-MS Analysis equipment 
 X-Ray Diffraction equipment 
 Eh-pH meter 
 500, 250, 100 and 50 millilitre plastic bottles. 
 General laboratory equipment:  
Scales, beakers, flasks, Buchner filter, filter paper, timer, tape 
 
2.2.2 Materials 
The α-spodumene concentrate has been obtained from Talison Lithium Ltd.’s 
Greenbushes mine site. The ore has a guaranteed 80% less than 75 microns with less than 
3% being greater than 125 microns. The α-spodumene was rotary slit three times for 
homogeneity between testing samples. The following analytical grade reagents were also 
purchased from the university and all solutions were prepared using deionised water.  
 Sulphuric acid 
 Hydrochloric acid 
 Sodium hydroxide 
 Calcium hydroxide 
 Potassium hydroxide 
 Lithium hydroxide 
 Magnesium hydroxide 
 Sodium carbonate 
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2.2.3 Test Methods 
The initial laboratory plan was to run multiple autoclave reagent tests at different 
temperatures, pulp densities, reagent concentrations, grind sizes and ore variabilities. This 
was going to be taken in steps where the reagents would first be tested against different 
temperatures. The solid and liquid residues would then be analysed to find the strongest 
extraction conditions that would then be carried forward and applied to the next set of 
testing parameters. A variety of pulp densities, concentrations, grind sizes and ore 
variability would likewise be tested, with the favourable conditions being carried forward 
under the next experimental parameters. In this fashion, the combined results would have 
found the ideal conditions for each set of operating parameters. Figure 1 illustrates an 
outline of the intended plan, which was designed to discover the optimal conditions for 
lithium extraction within a caustic autoclave leach. These parameters were intended to 
concurrently explore their influence on altering the silicate crystal structure for further 
leaching treatments.   
 




The experimental method consisted of three major parts, being the caustic autoclave 
leach, the 50°C water bath to digest the solid residues and the final sample analysis with 
ICP-MS and X-Ray Diffraction. The laboratory procedures are as follows: 
2.2.4 Caustic Autoclave Leach 
i. The initial attempt was designed as an acid leach to use as a comparison model. The 
following materials were used: 
 100 grams of α-spodumene 
 50 grams of sulphuric acid  (30% acid with 70% water)   
 450 grams of deionised water 
Once connected and setup, these materials were mixed within a 1 litre autoclave container 
with the equipment being run at 150° for 2 hours. The liquor and solids were separated 
by vacuum filtration. The solids were washed and separated before all samples were 
weighed and stored to be analysed at a later date. 
ii. A caustic leach was then run at the same conditions with the following materials: 
 100 grams of α-spodumene 
 50 grams of sodium hydroxide  
 450 grams of deionised water 
This was initially run as a comparison at 150° C for 2 hours before three further tests were 
run at 200, 225 and 250°C, each for 2 hours. 
iii. Three temperature tests were then completed, with the following material 
compositions: 
 100 grams of α-spodumene 
 50 grams of calcium hydroxide  
 450 grams of deionised water 
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iv. Three temperature tests were then completed for: 
 100 grams of α-spodumene 
 50 grams of potassium hydroxide  
 450 grams of deionised water 
All of these tests were run for 2 hours at 200, 225 and 250°C, with an agitation speed of 
300 to 320 revolutions per minute. The solids and liquid samples were then separated via 
vacuum filtration. The liquids were weighed, before washing the solids. This consisted of 
400 millilitres of deionised water to wash off any excess lithium ions that may have settled 
on the solid samples. This additional water was then vacuum filtrated from the solids and 
separately bottled and weighed. Meanwhile, the solid samples were dried, bottled and 
weighed.  
 
Figure 2 illustrates the John Morris Scientific Parr autoclave equipment that was 
implemented for the caustic autoclave leach. Oxygen gas was used to compress the slurry 
under a pressure of 40 bar. The specific temperatures were maintained by a Parr 4848 
reactor controller; with a 2-hour reaction time beginning once the slurry had reached the 





Figure 2: Parr Pressure Reactor Autoclave Equipment – Caustic Autoclave Leach 
 
Once all of these tests were completed, then the liquor and wash samples were analysed 
by ICP-MS. The liquor results indicated that the 225°C was the most effective 
temperature. As such, two further tests were completed with the following material 
compositions. 
 
1. This autoclave test was completed at 225°C for 2 hours with: 
 100 grams of α-spodumene 
 50 grams of lithium hydroxide  
 450 grams of deionised water 
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2. An autoclave test was also completed at 225°C for 2 hours with:: 
 100 grams of α-spodumene 
 50 grams of magnesium hydroxide  
 450 grams of deionised water 
The liquid samples were then analysed by ICP-MS while the solid samples at 225°C were 
then examined by X-Ray Diffraction. 
 
2.2.5 Acid Digestion within a 50°C Water Bath 
The solid residue samples (autoclaved at 225°C) were then mixed with acids and placed 
in a Ratek water bath at  50°C for 12 hours, overnight. This consisted of: 
 Three 5-gram samples of the leached solid residues were placed in individual 100ml 
flasks. These solid residues were from the sodium hydroxide, calcium hydroxide, 
potassium hydroxide, lithium hydroxide and magnesium hydroxide autoclave 
leaches. 
1) One 5 gram sample was mixed with 95 gram of sulphuric acid at a concentration 
of 0.01M. 
2) One 5 gram sample was mixed with 95 gram of hydrochloric acid at a 
concentration of 0.01M. 
3) One 5 gram sample was mixed with 95 gram of deionised water. 
Overall, 15 flasks were placed in the 50°C water bath for 12 hours, overnight. 
 The liquid samples were then separated from the solids by vacuum filtration  
 200 millilitres of deionised wash water then washed with the solids before being 
filtered and weighed. 




Figure 3 illustrates Rowe Scientific’s Ratek water bath equipment for the overnight acid 
digestion. The flasks containing the solid residue and reagent were placed in the 50°C 
water between the racks. The flasks were fastened into position before they were agitated 
at mild speed of 100-150 revolutions per minute for 12 hours, with the reactions being 
allowed to breath. 
 
 
Figure 3: Ratek Water Bath at 50°C – Acid Digestion 
 
2.2.6 Analytical 
The liquid samples were then analysed by the ICP-MS equipment while the solids were 
examined by X-Ray Diffraction. The remaining analysis was to interpret the results 
produced by these machines. Ultimately, the ICP-MS allowed the concentration of 
extracted lithium in the liquor solutions to be determined, while the X-Ray Diffraction 
confirmed if there were any likely changes in the solid chemical compositions. From this 
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data, the percentage of lithium extraction was determined and hence how successful the 
operations had been. 
 
Thermo iCAP-Q Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
The ICP-MS equipment is capable of detecting very low concentrations of metals or non-
metals in solution. This machine can expose elements down to one part per quadrillion 
by using non-interfered low background isotopes.  Essentially, an electromagnetic coil 
inductively heats a gas to make it electrically conductive. This energizes or ionizes the 
gas to produce a plasma torch that is placed in an induction coil that is supplied with a 
radio-frequency current. Argon gas and an electric spark are introduced that effectively 
releases free electrons. These electrons are accelerated in opposing directions by the 
magnetic waves rapidly switching its poles. This produces collisions of the electrons with 
the argon gas to produce recombination’s and further electron releases, that produce 
elevated temperature of between 6,000 – 10,000°C. Effectively, these plasma ions are 
removed by a quadrupole and interact with the sample solution. The electrons collide with 
the sample molecules and releases energy to leave them in an excited state. As these 
molecules being to relax, there is a fragmented difference based on their mass. The 
concentration of elements are then compared to reference materials on a basis of mass to 
charge ratio. The mass analyzer gives a calibrated reading of the samples element 
concentrations by comparing the resolution of mass differences. (PerkinElmer 2011) 




Figure 4: Thermo iCap-Q Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
Equipment 
 
Emma X-Ray Diffraction (XRD) 
The x-ray diffraction method occurs by interacting the solid samples with an x-ray beam. 
Essentially, the x-ray beam is fired at the solid sample through a range of angles to detect 
the diffracted scattering intensity. The interactions of the x-ray beam taken at different 
angles; 𝜃, are reflected from the internal crystal planes of the solid sample that are 
separated by a certain distance; d. This produces Bragg’s diffraction equation; 𝜆 =
2𝑑𝑠𝑖𝑛𝜃, that results from constructive wave interference and is taken as an integral 
number of wavelengths. The diffractometers have a fixed x-ray wavelength of 𝜆.  The 
fine sample material contains many crystals that produce wavelengths that are located at 
random angles. Certain crystal have to be oriented, so that the x-ray beam, crystal plane 
and the detector are aligned correctly to satisfy this diffraction equation. This produces a 
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signal spike at specific detector angles that is unique for specific crystal structures. This 
is where related planes gives a diffraction peak only at precise angles. (Speakman 2014) 
During a scan, a detector is rotated through a range of angles to distinguish different bands 
of diffracted x-rays produced by the correctly aligned crystals in the sample.  The 
reflection of the x-ray beams from crystalline particles produces a pattern of diffraction 
and intensity. The typical XRD diffraction pattern produces peaks that can be compared 
to match those of certain compounds. This allows the XRD to measure the crystal 
structure of the solid samples and is represented within Figure 5. 
 
Figure 5: Emma X-Ray Diffraction Equipment 
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2.3 Results and Discussion 
The intention of this section is to provide a representation of the results obtained within 
the experiment. The figures presented assist in displaying the essential portions of 
information that are provided within the tables of Appendix D.  Each figure will be 
described while outlining how this information was attained. Photographs of the key solid 
and liquid samples have also been provided, to assist in the clarification of results. 
Combined, there are also paragraphs to outline and describe the key steps in the analysis 
procedure while evaluating the results.  
The initial grind size of the spodumene concentrate sample was guaranteed to have 80% 
less than 75 microns, with a maximum of 3% above 125 microns. This was assumed to 
be adequate for the initial tests as overgrinding would have transferred the operating cost 
from the pre-treatment roast to additional energy requirements within the grinding mills.  
Once the reagents had been tested under the different temperatures, the solids and liquid 
samples were then separated by vacuum filtration. The solids were then washed and dried 
before all samples were bottled and weighed. The liquid samples were then analysed 
using the ICP-MS equipment. The data obtained from this machine’s software system 
gave the concentrations of lithium that had been dissolved from the α-spodumene into 
solution.  Comparing these results with the lithium content of the initial spodumene 








Percentage of Lithium Extraction 
The specific gravity (SG) of the liquid samples was then determined by the following 
method: 
 Extract 10ml of solution and record its weight  
 Calculate each samples SG where 
 𝐿𝑖𝑞𝑢𝑖𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑔
𝑙








The volume of each liquid solution was then calculated by: 







The ICP-MS lithium concentration result are in parts per billion, which was then 








This gives the mass of lithium by; 
 𝑀𝑎𝑠𝑠 (𝑔) = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑔
𝑙
) ∗  𝐿𝑖𝑞𝑢𝑖𝑑 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑙) 
Finally, the percentage of lithium extracted was determined by: 
 % 𝐿𝑖 𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑙𝑖𝑡ℎ𝑖𝑢𝑚 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑





2.3.1 Caustic Autoclave Leach 
 
Figure 6: ICP-MS Results – Caustic Autoclave Leach  
 
Figure 6 illustrates the results obtained from ICP-MS equipment for the autoclave 
leaching operations.  Unfortunately, the initial autoclave leach attempts were 
unsuccessful with only up to 2.5% of the lithium being extracted. The lithium hydroxide 
reagent gave what appeared to be a 3.3% lithium extraction; however, this was faulty as 
the solution already contained lithium ions before the leaching reaction. The lithium 
hydroxide was implemented as a leaching reagent to see if it had an effect on dissolving 
or breaking apart the ore’s silicate crystal structure. The attempt was made to change the 
crystal structure and retreat the ores if its physical characteristics had improved.  It was 
found; from the liquor results, that the autoclave tests gave the strongest extraction results 
when treated at 225°C. This is presented within Figure 6, where the sodium hydroxide 
































Figure 7: Eh-pH Diagrams 
 
Meanwhile Figure 7 illustrates the Eh - pH diagrams of the feed lixiviant and the post 
autoclave liquors, which demonstrates the activity of hydrogen ions and electrons, along 
with the solutions stability. This assists by establishing the acidic/basic nature along with 
the oxidising/reducing strength of the leaching solutions. Eh - pH diagrams can also 
illustrate if the spodumene sample is stable, at equilibrium with its leaching environment 
or if it has been subject to chemical transformation.  The Eh-pH measurements were 
recorded before and after each autoclave leach. This comparison of these results is 
important as it allows the nature of the reaction to be analysed. Essentially, the more 
positive the Eh reading is, the more oxidising the reagent, while more negative readings 
indicate more reducing reagents. The direction that these readings went between initial 
and final results could potentially indicate if there are redox reactions taking place. 
However, such redox reaction were not present and the intention was more towards seeing 
if there was any reagent consumption. This occurs when there are significant changes in 
the pH levels. The initial and final pH readings are very similar for the caustic reagents. 
The pH of the sodium, calcium and lithium hydroxides appear to have slightly shifted and 
this change could be a potential indicator of a reaction-taking place.  Essentially, a change 
in pH takes place due to the hydroxide consumption within a reaction with the solid 
particles. However, since there were no significant changes, there appears to be no 
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was only minor reagent consumption occurring which demonstrates limited reactions 
between the caustic solutions and α-spodumene feed. Oxygen gas was used in the 
autoclave leach for compression to 40bar. This could have potentially contributed as 
oxygen gas is a universal oxidising agent, however the intention was just for compression. 
The caustic leaching solutions were concentrated pellets dissolved in 90% wt. /wt. 





Figure 8: Autoclave Filtrate Samples 
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Figure 8 illustrates the filtrate solutions from the autoclave leach that all appear to range 
in colour. The most obvious is the lithium hydroxide liquor that has a deep blue tone. It 
is assumed that there may have been contamination with potential by-products being 
leached from the autoclave equipment, potentially from a past test. The solutions were 
primarily analysed for the expected lithium ions and potential aluminium. However, due 
to this obvious variance, copper ions were also analysed. Table 17 within Appendix D 
illustrates that this sample contained a greater concentration of copper ions when 
compared to the other solutions. A varying yet low concentration was present in all of 
these samples, which may be contributing to the shades of blue present in these samples. 
Ultimately, these samples were analysed by ICP-MS for the detection of lithium 
concentration that had been dissolved into solution.  
Since the recoveries were so dismal, the intended laboratory plan was cancelled, as any 
improvements would not have been significant enough for commercial use. As such, the 
solid residues of the 225°C test samples were instead analysed by X-Ray Diffraction to 





Figure 9: X-Ray Diffraction Results – Caustic Autoclave Leach 
 
Figure 9 illustrates the X-Ray Diffraction (XRD) Results for the solid residues from the 
caustic autoclave leach. When comparing the initial spodumene feed to post leached solid 
residues, it can be seen that many of the peaks have diminished or shifted their place. This 
is of particular interest as it indicates that new compounds have formed in the caustic 
leaching reaction. The x-ray results of Figure 9 indicated that there was actually a change 
in the solids crystal structure and hopefully to the solubility of its lithium elements. It was 
optimistic that the caustic autoclave treatment of the α-spodumene ore, may have 
transformed their crystal structure. In doing so, there may have also been a change in the 
solid sample’s physical properties, which could potentially allow acids or reagents to 
dissolve the lithium elements. This was also assumed as a possibility as the colour and 
form of some solid samples were different to the initial spodumene ore. 


















This is represented below; in Figures 10 and 11, where the texture and colour of the 
treated samples has changed. However, this was really confirmed when analysed by X-
Ray Diffraction, as there appeared to be changes within the chemical compositions when 
compared to the initial ore. This can be seen within Figure 9, where the largest peaks of 
the α-spodumene feed, have reduced in size and slightly shifted their positions after 
treatment. While the x-ray database has not matched and identified the exact compounds 
formed, it was hopeful that further treatments might lead to an improved lithium recovery. 
With the potential of aluminium or sodium silicates being formed, the prospect was to 
digest these solid residues with acids.  
 
Figures 10 and 11 below, present the original solid feed and the caustic autoclave leached 
solid residues. It is clear that the texture and colour of the samples has changed. The initial 
α-spodumene feed sample was fine grained and light in colour, which to a lesser or greater 








Figure 10: Alpha Spodumene Concentrate Sample 
 
 
Figure 11: Caustic Autoclave Leached Solid Residues 
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These assumptions lead to the development of a new laboratory plan; where, the solid 
residues would be saturated with 0.01M sulphuric acid, 0.01M hydrochloric acid and 
deionised water as a base. These flasks would then be placed in a hot water bath at 50°C 
for 12 hours, overnight. 
 
In essence, the initial autoclave treatment may have altered the solubility of the silicate 
crystal structure and a second acid treatment would potentially be more successful at 
breaking the silicate bonds and liberating the underlying lithium ions. Once these 
laboratory procedures were completed, the solid and liquid samples were separated by 
vacuum filtration. The liquids and wash water were then bottled and weighed, while the 
solids were dried, bottled and weighed. The liquid samples were again, analysed by ICP-
MS to find the percentage of lithium ions recovered from the solids residues.  
 
2.3.2 Acid Digestion within a 50°C Water Bath 
 





























Figure 12 illustrates the concentration of lithium ions that were detected by the ICP-MS 
apparatus, following the acid digestion at 50°C. Unfortunately, these results indicate that 
the maximum lithium extraction was only up to a further 0.05% with little change to the 
crystal structure. The lithium hydroxide leached solids displayed up to 0.55%, however 
this, once again, may be unreliable, due to the additional lithium content. These liquor 
results can be seen in Figure 12, where the ICP-MS analysis indicates that the lithium 
content within the liquor solutions remained very low.  
 
 
Figure 13: X-Ray Diffraction Results – 50°C Water Bath 
 
The solid residues were again circulated through X-Ray Diffraction to compare the 
results. It was found that some of the peaks reverted back to the spodumene feed’s form, 
some shouldered them, while other peaks remained in their new position, as can be seen 
in Figure 13. There has clearly been a reduction of the peak intensities however, most of 
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the major peaks seem to have reverted to their original form. Ultimately, any changes to 
the solid structure were insufficient for extraction by acids, as the second leach was highly 
unsuccessful. Meanwhile, it remains a work in progress to identify the newly formed x-
ray peak compounds.  
 
Tables 13 and 15 within Appendix D, displays the material balance for the two 
experimental procedures. Based on the recorded weights, there has been a loss of 40 to 
240g within the autoclave tests. It should be noted that the calcium hydroxide tests 
produced a paste that was particularly hard to separate the liquids from. The solids tended 
to retain the liquids within their structure. The solid residues were also difficult to remove 
from the autoclave stirrer and associated laboratory equipment. As such, there was a 
greater loss of the solid materials with far less liquor recovered. It was assumed there 
would be some liquids lost from evaporation of the drying solids; however, the difference 
between the two is surprising. Minor losses may have occurred in separating and 
transferring the final products, however the differences are beyond expectations. All other 
reagent tests; had solid and liquid samples that were easily separated and recovered with 
minor losses.  
 
Overall, the ICP-MS results indicated that the compact structure of the α-spodumene 
barely reacts with either, the acids or bases implemented. These results confirm that the 
monoclinic aluminium silicate structure of α-spodumene is very stubborn against 
chemical attack from acids or bases with an autoclave treatment. The use of high pressure 
and moderate temperatures have been unsuccessful in recovering the lithium contents. 
These results match the assumptions that were found in the literature review where most 
articles did not treat α-spodumene, as it was known to be chemically inert due to its 
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silicate crystal structure that surrounds the lithium ions. Unfortunately, a caustic 
autoclave pressure leach and acid digestion did not overcome this restriction.  
 
2.3.3 Solid Residue Analysis with Accountabilities  
Some solid residue samples have been externally analysed by ALS Metallurgy and are 
presented within Tables 20 and 21 of Appendix D. The obtained results have only 
indicated a percentage of lithium present within each specific residue sample. These 
lithium percentages have been compared with those obtained from the ICP-MS analysis 
of the filtrates and wash samples.  
The accountabilities indicate that the spodumene sample or leach residues were not 
adequately split. There appears to be a greater amount of lithium present in some samples 
with considerably less present in others. While the feed sample was rotary split three 
times to ensure homogenisation, this appears to have been inadequate. The sample should 
have been re-split several more times, as the residue analysis indicates that the lithium 
was not consistently between the samples. This inconsistency unfortunately creates errors 
in determining the percentage of lithium present in the filtrate and wash samples, since 
these values are based on an ideal 3.25g of lithium ions present in the feed. Nevertheless, 
these changes to the feed lithium content are inadequate to have a significant impact on 
the overall percentage of lithium extracted. The recovered lithium ions still remains at a 
very low level and would not have been of commercial interest. Unfortunately, no ppb 




2.4 Conclusions and Recommendations 
This concluding segment is designed to tie the original objectives to the experimental 
outcomes. In doing so, the level of success obtained is outlined, while evaluating the key 
prospects for future work. The laboratory approach is briefly mentioned before providing 
recommendations for further testing analysis.   
The purpose of this experiment has been to find an alternative pre-treatment for the 
handling of spodumene ores. The intention has been to replace the initial expensive roast 
with a low-cost caustic autoclave leaching treatment.  The caustic leach was not meant to 
be the main leaching extraction stage, rather a treatment to disengage the silicate bonds, 
alter its crystal structure and improve the lithium solubility.   The goal of this laboratory 
procedure was also to partially recover lithium ions from α-spodumene within the caustic 
autoclave leach. A secondary acid digestion was then attempted as the main extraction 
stage, on the remaining solid residues. However, both procedures were unsuccessful with 
a maximum of 2.5% extraction from the initial caustic liquor and a further 0.05% 
extraction within the second acid leach liquors. These results were interpreted from ICP-
MS data, X-Ray Diffraction with external results for the solid residue analysis. Additional 
analysis of the x-ray results is still required and currently remain a work in progress.  
 
Overall, the recovery of lithium from α-spodumene with a caustic autoclave and acid 
wash treatment has been very poor. While the extraction has been unreliable, there may 
be some potential hope with the loss of α-spodumene and formation of new compounds. 
This has been, based on interpreting the X-Ray Diffraction results. While the lithium ions 
remain as a solid constituent, the potential creation of new substances may alter its 
solubility and allow its extraction with further treatments. The newly formed peaks within 
the x-ray results still need to be categorised. If new silicate compounds have formed then 
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another treatment of the solid residues may have a better outcome. Once these new 
substances are identified, then the material’s physical properties can be determined.  
It is strongly recommended that increasing the concentration of acidic and caustic 
lixiviants could be far more effective. The 0.01M hydrochloric and sulphuric acid leach 
was unsuccessful at recovering the lithium content. In hindsight, the concentration of 
these reagents should have been significantly stronger. Potent acids would have at least 
indicated if the lithium could have been recovered with this method. If successful, then 
the acid consumption could have then been optimised.  
 
 Alternatively, changing the grind size, reagent or temperature may also lead to very 
different results.  For now, it remains a work in progress to identify these compounds and 
with further analysis, the results will become more conclusive. In doing so, the phase 
changes within the reaction will become more clear with comprehensive data for the solid 
compositions.  
 
The overall test results agree with the literature review findings that α-spodumene is very 
resistant to leaching by chemical attack. If progress were to be made, then the strongest 
recommendation would be to target dissolving the silicates rather than the lithium ions. 
If the silicates can become soluble, while the lithium ions remain a solid constituent, then 
further treatments after separation could be successful. This suggestion is aimed towards 
multiple treatments instead of a single leach. The first treatment needs to adjust the 
encapsulating silicate form to allow the lithium ions to be more amenable to chemical 
extraction within a second leach. This has been the approach of this project, which has 
been relatively unsuccessful, however may shed light on future research. 
The other suggested recommendations for the autoclave would be to use either a finer ore 
grind size or reagents that are more concentrated. This may produce higher reagent or 
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energy costs; however, a cost benefit analysis when compared to pre-treatment roasting 
may indicate favourability. Perhaps a slightly finer grind size would expose more of the 
lithium ions surface area and produce better results. The literature review findings were 
targeted towards processing β-spodumene and included the pre-treatment roast. The few 
articles that did address processing the α-spodumene that had substantial recoveries, did 
so by overgrinding the ore. This mechanical activation essentially exposed more of the 
lithium ions surface for a greater recovery rate. (N. Vieceli 2017) (N. Kotsupaloa, L. 
Menzheresa, A. Ryabtseva, and V. Boldyrevb 2008) The problem is that the ore is over 
ground down to 20𝜇𝑚 and requires significant energy to do so. This project has attempted 
to find an alternative to this overgrinding or pre-treatment roast. Further research with 
this attempted approach may produce results that could potentially overcome these 



















911metallurgist. 2017. Processing Spodumene by Froth Flotation for Lithium 
Extraction. 911metallurgist. Accessed May 15, 2017. 
https://www.911metallurgist.com/blog/froth-flotation-spodumene-processing-
lithium-extraction. 
A. Buyukburc, G. Koksal. 2005. “An attempt to minimize the cost of extracting lithium 
from boron clays through robust process design.” Clays and Clay Minerals 301-
309. 
A. Kitajou, T. Suzuki, S. Nishihama, K. Yoshizuka,. 2003. “Selective recovery of 
lithium from seawater using a novel MnO2 type adsorbent II enhancement of 
lithium ion.” Ars Separatoria Acta II 97-106. 
Amer, A. 2008. “The hydrometallurgical extraction of lithium from Egyptian 
montmorillonite type clay.” JOM 55-57. 
B. Xin, Z. Zhang, X. Zhang, Y. Xia, F. Wu, S. Chen. 2009. “Bioleaching mechanism of 
Co and Li from spent lithium-ion battery by the mixed culture of acidophilic 
sulfur-oxidizing and iron-oxidizing bacteria.” Bioresoure Technology 6163-
6169. 
Balnear, E. 2013. Constantin Munteanu e lithium biology. Accessed 05 18, 2017. 
http://bioclima.ro/LITHIUM.pdf. 
C. Lee, J. Sohn, K. Rhee. 2004. Chemical extractin of lithium from LiCoO2 using oxalic 
acid. Madrid: Global Symposium on Recycling, Waste Treatment and Clean 
Technology: REWAS. 
40 
C. Lee, K. Rhee. 2002. “Preparation of LiCoO2 from spent lithium-ion batteries.” J 
Power Sources 17-21. 
C. Wang, Y. ZHAI, X. Wang, M. Zeng. 2014. “Preparation and characterization of 
lithium λ-MnO2 ion-sieves.” Front. Chem. Sci. Eng. 471-477. 
Cardarelli, Francois. 2000. Materials Handbook: A Concise Desktop Reference. New 
York: Springer. 
Chemicals, Hitachi. 2017. Carbon Anode Materials for Lithium Ion Batteries. Hitachi 
Chemicals. Accessed May 20, 2017. http://www.hitachi-
chem.co.jp/english/ir/mp_03.html. 
Chubb, P. 1963. US patent Patent Treatment of lithium ores, 3073673. 
Clarke, G. 2013. “Lithium-ion batteries: raw material considerations.” Am. Inst. Chem. 
Eng. 44–52. 
Clarke, G. 2013. “Lithium-ion batteries: raw material considerations.” Am. Inst. Chem. 
Eng. 44–52. 
D. Mishra, D. Kim, D. Ralph, J. Ahn, Y. Rhee. 2008. “Bioleaching of metals from spent 
lithium ion secondary batteries using Acidithiobacillus ferooxidans.” Waste 
Management 333-338. 
D. Palmer, L. Anovitz, J. Blencoe. 2007. UT-Battelle Patent Extraction of lithium from 
lithium bearing minerals by caustic leaching, WIPO patent WO 2007/103083 
A2. 
Dwyer, T. 1957. US patent Patent Recovery of lithium from spodumene ores: 2801153. 
E. Hayes, F. Williams, W. Sternberg. 1950. US patent Patent Production of lithium 
chloride from spodumene: 2533246. 
 
41 
E. Siame, D. Pascoe. 2011. “Extraction of lithium from micaceous waste from China 
clay production.” Mineral Engeering 1595-1602. 
E. Siame, R. Pascoe. 2011. “Extraction of lithium from micaceous waste from china 
clay production.” Minerals Engineering 1595-1602. 
F. Margarido, N. Vieceli, F. Durão, C. Guimarães & C. Nogueira. 2014. “Minero-
metallurgical processes for lithium recovery from pegmatitic ores.” LNEG 795-
798. 
F. Margarido, N. Vieceli, F. Durão, C. Guimarães, C.A. Nogueira. 2014. “Minero-
metallurgical processes for lithium recovery from pegmatitic ores.” LNEG 1-4. 
F. Pagnanelli, E. Moscardini, G. Granata, S. Cerbelli, L. Agosta, A. Fieramosca. 2014. 
“Acid reducing leaching of cathodic powder from spent lithium ion batteries: 
glucose oxidative pathways and particle area evolution.” J Ind Eng Chem 3201-
3207. 
F. Strelow, C. Weinert, T. Walt. 1974. “Separation of lithium from sodium, beryllium 
and other elements by cation-exchange chromatography in nitric acid–
methanol.” Anal. Chim. Acta. 123–132. 
G. Dorella, M. Mansur. 2007. “A study of the separation of cobalt from spent Li-ion 
battery residues.” J Power Sources 210-215. 
G. Granata, E. Moscardini, F. Pagnanelli, F. Trabucco, L. Toro. 2012. “Product 
recovery from Li-ion battery wastes coming from an industrial pre-treatment 
plant: lab scale tests and process simulations.” J Power Sources 393-401. 
G. Kipouros, D. Sadoway. 1998. “Toward new technologies for the production of 
lithium.” JOM 24-26. 
G. Lof, W. Lewis. 1942. “Lithium chloride from lepidolite.” Ind Eng Chem 209-216. 
42 
G. Rosales, M. Ruiz, M. Rodriguez. 2014. “Novel process for the extraction of lithium 
from b-spodumene.” Hydrometallurgy (Hydrometallurgy) 147-148. 
Garret, D. 2004. Handbook of Lithium and Natural Calcium Chloride: Their Deposits, 
Processing, Uses and Properties. Amsterdam: Elsevier. 
H. Bukowsky, E. Uhlemann, D. Steinborn. 1991. “The recovery of pure lithium chloride 
from “brines” containing higher contents of calcium chloride and magnesium 
chloride.” Hydrometallurgy 371-325. 
H. Mazza, S. Cohen, G. Schafer. 1960. US patent Patent Process for recovering alkali 
metal values from lepidolite: 2940820. 
H. Siegens, O. Roder. 1936. US patent Patent Recovering lithium compounds: 2024026. 
H. Vu J. Bernardi, J. Jandova, L. Vaculíkova, V. Golias. 2013. “Lithium and rubidium 
extraction from zinnwaldite by alkali digestion process: Sintering mechanism 
and leaching kinetics.” International Journal of Mineral Processing 9-17. 
Hopper, Basil. 1923. Production of Lithium Carbonate from Lithium Thesis. California: 
California Institute of Technology. 
I.Rezza, E. Salinas, V. Calvente, D. Benuzzi, S. Tosetti. 1997. “Extraction of Lithium 
from Spodumene by Bioleaching.” Letters of Applied Microbiology 172-176. 
J. An, D. Kang, K. Tran, M. Kim, T. Lim, T. Tran. 2012. “Recovery of lithium from 
Uyuni salar brine.” Hydrometallurgy 64–70. 
J. Coleman, N. Jaffa. 1935. US patent Patent Recovering lithium compounds: 2024026. 
J. Hur, C. Seo, S. Hong, D. Kang, S. Park. 2004. “Semi-continuous electrowinning of 
LiCl-Li2O molten salt.” J Kor Rad Waste Soc 211-217. 
J. Jandova, H. Vu, T. Belkova, P. Dvoak, J. Kondas. 2009. “Obtaining Li2CO3 from 
zinnwaldite wastes.” Ceramics – Silikáty 108-112. 
 
43 
J. Jandova, P. Dvorak, H. Vu. 2010. “Processing of zinnwaldite waste to obtain 
Li2CO3.” Hydrometallurgy 12-18. 
J. Kang, G. Senanayake, J. Sohn, S. Shin. 2010. “Recovery of cobalt sulfate from spent 
lithium ion batteries by reductive leaching and solvent extraction with Cyanex 
272.” Hydrometallurgy 168-171. 
J. Lee, S.Yu, C. Kim, Y. Sung, J. Yoon. 2013. “Highly selective lithium recovery from 
brine using a l-MnO2eAg battery.” Physical Chemistry 7690-7695. 
J. Li, R. Zhao, X. He. 2009. “Preparation of LiCoO2 cathode materials from spent 
lithium-ion batteries.” Ionics: Springer Berlin 111-113. 
J. Nan, D. Han, M. Yang, M. Cui, X. Hou. 2006. “Recovery of metal values from a 
mixture of spent lithium-ion batteries and nickel-metal hydride batteries.” 
Hydrometallurgy 75-80. 
J. Nelli, T. Arthur. 1970. U.S. Patent Patent Recovery of lithium from bitterns: 
3,537,813. 
J. Paulino, N. Busnardo, J. Afonso. 2008. “Recovery of valuable elements from spent 
Li-batteries.” J Hazard Mater 843-849. 
J. Schieffelin, T. Cappon,. 1908. “The manufacture of lithia from lepidolite.” J. Soc. 
Chem. Ind. 549-550. 
K. Chung, J. Lee, W. Kim, S. Kim, K. Cho. 2008. “Inorganic adsorbent containing 
polymeric membrane reservoir for the recovery of lithium from seawater.” J. 
Membr.Sci. 503–508. 
K. Chung, J.Lee, E. Kim, K. Lee, Y. Kim, K. Ooi. 2004. “Recovery of lithium from 
seawater using nano-manganese oxide adsorbents prepared by gel process.” 
Material Science Forum 277-280, 449-452. 
44 
K. Tran, T. Luong, J. An, D. Kang, M. Kim, T.Tran. 2013. “Recovery ofmagnesium 
from Uyuni salar brine as high purity magnesium oxalate.” Hydrometallurgy 
93–99. 
K. Yoshizuka, A. Kitajou, M. Holba. 2006. “Selective recovery of lithium from 
seawater using a novel MnO2 type adsorbent III—benchmark evaluation.” Ars 
Separatoria Acta 4 78–85. 
Kluksdahl, H. 1986. US patent Patent Chevron Research Company, assignee. Extraction 
of lithium from lithium lithiumcontaining:4588566. 
L. Barbosa, G. Valente, R. Orosco, J. Gonzalez. 2014. “Lithium extraction from b-
spodumene through chlorination with chlorine gas.” Mineral Engineering 29-34. 
L. Crocker, R. Lien. 1987. Lithium and its Recovery from Low-Grade Nevada Clays. 
Accessed May 8, 2017. 
http://digicoll.manoa.hawaii.edu/techreports/PDF/USBM-691.pdf. 
L. Crocker, R. Lien, J. May, D. Witkowsky, D. Seidel. 1988. Lithium and its recovery 
from low-grade Nevada clays. Salt Lake City: US Department of the Interior, 
Bureau of Mines. 
L. Frevel, L. Kressley. 1962. US patent Patent Separation of lithium from lithium 
bearing micas and amblygonite: 3032389. 
L. Frevel, L. Kressley. 1962. US patent Patent Separation of lithium from lithium 
lithium bearing ores: 3032389. 
L. Kalenowski, S. Runke. 1952. Recovery of lithium from spodumene-amblygonite 
mixtures. Michigan: US Department of the Interior, Bureau of Mines. 
L. Kondas, J. Jandova. 2006. “Lithium Extraction from Zinnwaldite Wastes after 
Gravity Dressing of Sn-W Ores.” Acta Metallurgica Slovaca 197-202. 
 
45 
L. Medina, El-Naggar. 1984. “An alternative method for the recovery of lithium from 
spodumene.” Metall Trans 725-726. 
L. Sun, K. Qiu. 2011. “Vacuum pyrolysis and hydrometallurgical process for the 
recovery of valuable metals from spent lithium-ion batteries.” J Hazard Mater 
378-384. 
M. Hocking, J.Kan, P.Young, C.Terry, D. Begleiter. 2016. Lithium 101. Sydney: 
Deutsche Bank Markets Research. 
M. Hocking, J.Khan, P. Young, C.Terry & D.Begleiter. 2016. Lithium Industry 101. 
Sydney: Deutsche Bank. 
M. Steinberg, V. Dang. 1976. “Geological survey professional paper.” Report 79. 
Mast, Ernest. 1989. LithiumProduction from Spodumene. Montreal: Department of 
Mining & Metallurgical Engineering. 
N. Kotsupaloa, L. Menzheresa, A. Ryabtseva, and V. Boldyrevb. 2008. Theoretical 
Foundations of Chemical Engineering, Novosibirsk: Inorganic Technology. 
N. Salakjani, P. Singh & A. Nikoloski. 2016. “Mineralogical transformations of 
spodumene concentrate from Greenbushes, Western Australia. Part 1: 
Conventional heating.” Minerals Engineering 71-79. 
N. Um, T. Hirato. 2012. “A study on lithiumrecovery from seawater: separation of 
lithium from hydrochloric acid solutions containing CaCl2, MgCl2, MnCl2, 
NaCl, KCl and LiCl.” Zero-Carbon Energy Kyoto 149-152. 
N. Vieceli, C. Goncalves, F. Ramos Da Cruz, M. Costa, F. Durao and C. Ta Guimaraes. 
2017. Process of Lithium Extraction from Ores and Concentrates by Mechanical 
Activation and Reaction with Sulphric Acid. Lisboa Patent WO 2017/200408 
Al. 23 November. 
46 
Nicholson, C. 1946. US Patent Patent Production of lithium compounds: 2413644. 
O. Sitando, P. Crouse. 2012. “Processing of a Zimbabwean petalite to obtain lithium 
carbonate.” Internation Journal of Mineral Processing 102-103:45-50. 
P. Alex, A. Suri. 1996. “Processing of low grade zinnwaldite (lithium mica) concentrate 
.” Minerals, Metals and Materials Society 1165-1168. 
P. Brown, D. Boryta. 1993. US patent Patent Cyprus Foote Mineral Company, assignee. 
Production of low boronlithium carbonate from lithium-containing brine: 
5219550. 
P. Choubey, M. Kim, R. Srivastava, J. Lee & J. Lee. 2016. “Advance review on the 
exploitation of the prominent energy-storage element: Lithium. Part I: From 
mineral and brine resources.” Minerals Engineering 119-137. 
P. Choubey, M. Kim, R. Srivastava, J. Lee & J. Lee. 2016. “Advanced review on the 
exploitation of the prominant energy-storage element: Part I: From mineral and 
brine resources.” Minerals Engineering 119-137. 
P. Distin, C. Phillips. 1982. “The acid extraction of lithium from the granites of South 
West England.” Hydrometallurgy 1-14. 
P. Endres, A. Ott, S. Sack, A. Jager, H. Mayer, H. Praas, K. Brandt. 1997. “Extraction 
of lithium from spinel phases of the system Li1+xMn2-xO4-d,.” J. Power 
Sources 145-156. 
P. Meshram, B. Pandey, T. Mankhand. 2014. “Extraction of lithium from primary & 
secondary sources by pre-treatment, leaching and separation: A comprehensive 
review.” Hydrometallurgy 192-208. 
 
47 
P. Zhang, T. Yokohama, O. Itabashi, T. Suzuku, K. Inoue. 1998. “Hydrometallurgical 
process for recovery of metal value from spent lithium-ion secondary batteries.” 
Hydrometallurgy 259-271. 
P. Zhang, T. Yokoyama, O. Itabashi, T. Suzuki, K. Inoue. 1998. “Hydrometallurgical 
process for recovery of metal values from spent lithium-ion secondary 
batteries.” Hydrometallurgy 259–271. 
Penner, S. 1977. Lithium Needs and Resources: Proceedings of a Symposium. New 
York: Elsevier. 
PerkinElmer, Inc. 2011. THe 30-Minute Guide to ICP-MS. Technical Note, Waltham: 
PerkinElmer, Inc. 
Q. Dong, Y. Li, X. Piao, S. Zhu. 2007. “Recovery of lithium from salt lake bittern using 
aluminium salt adsorbent.” Chin. J. Rare Met. 357–361. 
Q. Yan, X. Li, Z. Wang, J. Wang, H. Guo, Q. Hu. 2012. “Extraction of lithium from 
lepidolite using chlorination roastingewater leaching process.” Trans Nonferrous 
Met Soc China 1753-1759. 
Q. Yan, X. Li, Z. Wang, X. Wu, H. Guo, Q. Hu. 2012. “Extraction of valuable metals 
from.” Hydrometallurgy 116-118. 
Q. Yan, X. Li, Z. Wang, X. Wu, H. Guo, Q. Hu, W. Peng, J. Wang. 2012. “Extraction 
of valuable metals from lepidolite.” Hydrometallurgy 116-118. 
Q. Yan, X. Li, Z. Yin, Z. Wang, H. Guo, W. Peng, Q. Yan. 2012. “A novel process for 
extracting lithium from lepidolite.” Hydrometallugy 54-59. 
R. Botton, J. Delgrange, A. Steinmetz. 1965. US patent Patent Method of recovering 
lithium from lepidolite: 3189407. 
48 
R. Chitrakar, H. Kanoh, Y. Miyai,K. Ooi. 2001. “Recovery of Lithium from Seawater 
Using Manganese Oxide Adsorbent (H1.6Mn1.6O4) Derived from 
Li1.6Mn1.6O4.” Ind. Eng. Chem. Res. 2054-2058. 
R. Chitrakar, Y. Makita, K. Ooi, A. Sonoda. 2013. “Magnesium-doped manganese 
oxide with lithium ion-sieve property: lithium adsorption from salt lake brine.” 
Bull. Chem. Soc. Jpn. 850–855. 
R. Gauguin, J. Claus. 1961. US patent Patent Purifying lithium salts: 3000699. 
R. Gupta, A. Manthiram. 1996. “Chemical extraction of lithium from layered LiCoO2.” 
J. Solid State Chem. 483–491. 
Robinson, G. 1961. US patent Patent Recovery of lithium from ores: 2983576. 
Robinson, G. 1961. New York Patent US Patent Number: 2,983,576. 
S. Hawash, E. Abd, D. El. 2010. “Methodology for selective adsorption of lithium ions 
onto polymeric aluminium (III) hydroxide.” J. Am. Sci. 301–309. 
S. Kesler, P. Gruber, P. Medina, G. Keoleian, M. Everson & T. Wallington. 2012. 
“Global lithium resources: Relative importance of pegmatite, brine and other 
deposits.” Ore Geology Reviews 48 (1): 55-69. 
S. Nishihama, K. Onishi, K. Yoshizuka. 2011. “Selective recovery process of lithium 
from seawater using integrated ion exchange methods.” Solv. Extr. Ion Exch. 
421–431. 
S. Venkatraman, J. Choi, A. Manthiram. 2004. Electrochem. Commun 832-837. 
Sharratt, Harold John. 1955. The Extraction of Lithium from Spodumene. Quebec: 
Mcgill University. 
Shin SMS, Kim NH, Sohn JS, Yang DH, Kim YH. 2005. “Development of metals 
recovery process from Li-ion battery waste.” Hydrometallurgy 172-81. 
 
49 
Speakman, Dr Scott A. 2014. Basics of X-Ray Powder Diffraction. Training Guide, 
Cambridge: Massachusetts Institute of Technology. 
Swain, Basudev. 2017. “Recovery and recycling of lithium: A review.” ScienceDirect 
388-403. 
T. Maschler, B. Friedrich, R. Weyhe, H. Heegn, M. Rutz. 2012. “Development of a 
recycling process for Li-ion batteries.” J. Power Sources 173-182. 
T. Ryu, J. Shin, J. Ryu, I. Park, H. Hong, B. Kim, K. Chung. 2013. “Preparation and 
Characterization of a Cylinder-Type Adsorbent for the Recovery of Lithium 
from Seawater.” The Japan Institute of Metals and Materials 1029-1033. 
T. Tran & V. Luong. 2015. Lithium Processing Chemistry. Paris: Elsevier . 
—. 2015. Lithium Production Processes. Gwangju, Korea: Elsevier Inc. 
T. Wajima, K. Munakata, T. Uda. 2012. “Adsorption behavior of lithium from seawater 
using manganese oxide adsorbent.” The Japan Society of Plasma Science and 
Nuclear Fusion Research 1-4. 
T. Yoshinaga, K. Kawano, H. Imoto. 1986. “Basic study on lithium recovery from 
lithium containing solution.” Bull. Chem. Soc. Jpn. 1207–1213. 
T. Zhang, Y. He, F. Wang, L. Ge, X. Zhu, H. Li. 2014. “Chemical and process 
mineralogical characterizations of spent lithium-ion batteries: an approach by 
multi-analytical techniques.” Waste Management 1051-1058. 
V. Luong, D. Kang, J. An, M. Kim, T. Tran. 2013. “Factors affecting the extraction of 
lithium from lepidolite.” Hydrometallurgy 134-135. 
V. Luong, D. Kang, J. Anb, D. Daoc, M. Kima, T. Tran. 2013. “Iron sulphate roasting 
for extraction of lithium from lepidolite.” Hydrometallurgy 8-16. 
50 
V. Nguyen, J. Lee, J. Jeong, B. Kim, B. Pandey. 2015. “The separation and recovery of 
nickel and lithium from the sulfate leach liquor of spent lithium ion batteries 
using PC-88A.” Korean Chem. Eng. Res. 137-144. 
V. Zbranek, S. Bertolli, P. Vargas. 2013. Production of Lithium and Potassium 
Compounds. US patent Patent Western Lithium Corporation, assignee. 
Production of lithium and potassium compounds: 8431005. 
W. Averill & D. Olson. 1977. “A Review of Extractive Processes for Lithium from 
Ores & Brines.” Energy 3 (1): 305-313. 
W. Dunn, J. Jahnke. 2009. US patent Patent Cyclical vacuum chlorination processes, 
including lithium extraction: 7588741. 
W. Kroll, A. Schlechten. 1947. “Laboratory preparation of lithium metal by vacuum 
metallurgy.” American Institute of Mining and Metallurgical Engineers 
Technical Publication No. 2179. 
W. Kruesi, D. Fray. 1993. “The electrowinning of lithium from chloride-carbonate 
melts.” Metall Trans B 605-615. 
W. Morris, L. Pidgeon. 1958. “The vapor pressure of lithium in the reduction of lithium 
oxide by silicon.” Can J Chem 910-914. 
Wietelmann, Ulrich. 2000. Lithium & Lithium Compounds. Frankfurt: Wiley. 
Y. Chen, Q. Tian, B. Chen, X. Shi, T. Liao. 2011. “Preparation of lithium carbonate 
from spodumene by a sodium carbonate autoclave process.” Hydrometallurgy 
43-46. 
Y. Di, W. Dong, N. Feng. 2010. “Vacuum thermal extract lithium with coarse 
ferrosilicon-aluminum alloy produced by electro thermal process.” John Wiley & 
Sons: 139th annual meeting and exhibition, supplemental proceedings 183-186. 
 
51 
Y. Di, Z. Wang, S. Tao, N. Feng. 2013. “A novel vacuum aluminothermic reduction 
lithium process.” John Wiley & Sons: 4th international symposium on high 
temperature metallurgical processing 11-17. 
Y. Kim, M. Matsuda, A. Shibayama, T. Fujita. 2003. “Recovery of LiCoO2 from waste 
lithium ion batteries by using mineral processing technology.” Resour Process 
3-7. 
Y. Koyanaka, Y. Yasuda . 1977. “Concentration of lithium in seawater by ion exchange 
resin.” Suiyo Kaishi 523-526. 
Y. Miyai, K. Ooi, S. Katoh. 1988. “Recovery of lithium from seawater using a new type 
of ion sieve adsorbent based on MgMn2O4.” Sep. Sci. Technol. 179–191. 
Y. Pranolo, W. Zhang, C. Cheng. 2010. “Recovery of metals from spent lithium-ion 
battery leach solutions with a mixed solvent extractant system.” 
Hydrometallurgy 37-42. 
Z. Zhao, X. Si, X. Liu, L. He, X. Liang. 2013. “Li extraction from high Mg/Li ratio 
brine with LiFePO4/FePO4 as electrode materials.” Hydrometallurgy 75–83. 
 
53 
Appendix A Literature Review 
Chapter 3 Literature Review 
3.1 Overview 
The demand for lithium has drastically increased over the past few years in-line with the 
expansion of lithium ion batteries being developed for electric vehicles (EV), solar panels 
and electronic devices. The global desire to reduce carbon emissions and to cut loose from 
traditional infrastructure networks is driving the market towards development of EV and 
energy storage capabilities. With the move towards renewable technologies, the demand 
for lithium has been forecast to expand significantly over the coming decade. In 2016 
Deutsche Bank claims that the estimated global lithium demand will go from the 181 kilo 
tonnes of Lithium Carbonate Equivalent (LCE) in 2015 to 535 kilo tonnes by 2025. (M. 
Hocking, J.Kan, P.Young, C.Terry, D. Begleiter 2016) Lithium is the critical element 
within the chemistry of lithium ion batteries and this is why its demand appears certain. 
This is further supported with its use in nuclear industries, aerospace and its usual 
commercial applications.  
In view of this, viable resources of lithium continue to be called upon for prospecting and 
processing. However, each concentrated lithium deposit has a different mineralogical 
composition and therefore requires a distinctive processing technology for its extraction. 
To remain feasible the issues of separating contaminants and providing a high purity 
product has to be overcome. Currently, lithium is predominantly extracted from its 
igneous rock minerals (mainly spodumene) and from brine pools that contain lithium 
chloride salts. The heating and dissolution stages in processing the pegmatite ores are 
expensive when compared to handling brines. However, the much shorter processing time 
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and higher metal concentration in mineral ores have been feasible in compensating for 
the additional pre-treatment costs. With these operating expenses continuing to produce 
limitations within the extraction industry, the ideal mineral processing techniques will be 
presented. In doing so, this literature review will develop an understanding of lithium’s 
global supply while establishing this elements various extraction and recovery 
approaches. This article will delve through the uses, geology and extraction procedures 
that allow the recovery of lithium from various economic mineral ores, clays and brines 
along with its recycling options. Generally, the dominant option for lithium extraction 
utilizes roasting and leaching of mineral ores, while brine recoveries are through 
evaporation, precipitation, adsorption and ion exchange. Meanwhile, recent recycling 
developments have focused on precipitation, ion exchange and electrolysis which are 
allowing lithium recoveries from spent LIBs. The electrolysis method for production of 
lithium metal will also be evaluated before several major lithium production players are 
identified. Ultimately, by reviewing past studies and highlighting the dominant methods 
of handling viable resources, the intention will be to illustrate an overall picture of where 
the lithium industry currently stands. Figure 14 below, displays the location of major 





Figure 14: Location of major lithium pegmatite (square) and brine (cross) deposits 
 (S. Kesler, P. Gruber, P. Medina, G. Keoleian, M. Everson & T. Wallington 2012) 
3.2 Lithium Industry 
Trace amounts of lithium are widely distributed throughout the earth’s mineral ores, 
clays, oil residues and natural water reserves. The economic resources with significant 
lithium concentrations are found in brines, minerals and clays of various parts of the 
world. The current deposits for commercial production of lithium are from brines and 
high grade lithium ores. The principal source of lithium has been located within the salt 
brines of Chile, Bolivia and Nevada. These continental desert lake brines usually contain 
lithium sodium phosphate (𝐿𝑖2𝑁𝑎𝑃𝑂4) with about 0.06-0.15% Li. Meanwhile, mineral 
ores that are known to be of industrial economic importance are the following various 
pegmatite samples; 
 𝑆𝑝𝑜𝑑𝑢𝑚𝑒𝑛𝑒 −  𝐿𝑖𝐴𝑙𝑆𝑖2𝑂6 (8.0% 𝐿𝑖2𝑂),  
 𝑃𝑒𝑡𝑎𝑙𝑖𝑡𝑒 −  𝐿𝑖𝐴𝑙𝑆𝑖4𝑂10 (4.9%  𝐿𝑖2𝑂), 
 𝐿𝑒𝑝𝑖𝑑𝑜𝑙𝑖𝑡𝑒 −  𝐾𝐿𝑖𝐴𝑙2𝑆𝑖3𝑂10(𝐹. 𝑂𝐻)3 (7.7%  𝐿𝑖2𝑂) 𝑎𝑛𝑑 
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 𝐴𝑚𝑏𝑙𝑦𝑔𝑜𝑛𝑖𝑡𝑒 – 𝐿𝑖𝐴𝑙𝐹𝑃𝑂4 (8 𝑡𝑜 10% 𝐿𝑖2𝑂), 
 𝑍𝑖𝑛𝑛𝑤𝑎𝑙𝑑𝑖𝑡𝑒 −  𝐾𝐿𝑖𝐹𝑒𝐴𝑙(𝐴𝑙𝑆𝑖3)𝑂10(𝐹. 𝑂𝐻)2 (2.5 − 5%  𝐿𝑖2𝑂),  
The dominant economic ore is spodumene and has major mineral resources within 
China and Australia. Figure 15 illustrates the 2016 distribution of lithium’s global 
resources, wealth and production. 
 
3.2.1 Lithium Properties 
Lithium is useful in numerous applications due to its unique physical and chemical 
properties. The specific beneficial properties include that lithium; 
 is the lightest of the metals 
 has the highest electrochemical/redox potential of all metals  
 has an extremely high co-efficient of thermal expansion with the highest specific 
heat capacity of any solid elements 
 has the properties of a viscosity modifier in glass melts  
 has fluxing and catalytic qualities 
Lithium also has similarities to magnesium in that they both form; 
 alkyls that have high solubility in hydrocarbons  
 halides (except fluoride) that have high solubility in water and polar organic 
solvents  
 low aqueous solubility of the carbonate, phosphate, fluoride, and oxalate forms;  
 carbonates and nitrates that have thermal instability;  
 carbides and nitrides that are formed by direct combination 




3.2.2 Lithium Uses 
The favourable properties of lithium have allowed it to become a valuable commodity in 
the global market with its desired use in LIBs for energy storage. The demand for LIBs 
use is continually increasing with the development of hybrid and electric vehicles, 
electronic devices and solar panels. Currently, LIBs represent about 37% of the 
rechargeable battery world market and is preferred for future development.  Apart from 
batteries, lithium compounds have major applications with the ceramics, rubber and glass 
industry, in producing lubricating greases, aluminium alloys and rocket propellants 
alongside other functions within the pharmaceutical and nuclear industry. Organic 
compounds, silver solders and underwater buoyancy devices are also blended with 
lithium for its advanced properties. (Swain 2017) Lithium has a variety of applications 
due to its properties and some comprehensive examples can include; 
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Figure 15: 2016 Distribution of lithium (a) at various natural resources, (b) wealth across 
the globe and (c) production across the globe 




 Ceramics: The addition of lithium produces stronger ceramic bodies with lowered 
thermal expansion. Meanwhile, the glazer's gain improved coating viscosity, along 
with its colour, strength and lustre.  
 Glass: When lithium is added to glass melts, it lowers the mediums melting 
temperature and viscosity. This is beneficial as there is a reduced energy cost with a 
higher output and molding allowances. The glass is also designed for durability with 
corrosion and thermal shock resistance, which is also applied within cookware. 
 Lubricants and greases: Lithium is added as a thickener to greases, while its high 
specific heat capacity assists in maintaining lubrication properties at elevated 
temperatures.  
 Aluminum Alloys and Smelting: Adding lithium to aluminum and magnesium melts 
forms stronger lightweight alloys. Meanwhile, its use in smelting also reduces power 
consumption, increases the electrical conductivity and lowers fluorine emissions. 
Such metallurgical properties; also extends into producing steel and iron mold 
castings.  
 Pharmaceuticals: Lithium has medicinal properties that are used in various products 
such as the treatments for bi-polar or depression disorders. 
 Air Treatment: Lithium has applications as an absorption medium within humidity 
control, refrigeration and drying systems. 
 Thermonuclear: Lithium is used to control the fusion reactor  
 
Depending on the end use, lithium can be sold as metal compounds, brines or mineral 
concentrates. Figure 16 presents the 2016 uses of lithium within the global market, while 
Figure 17 illustrates the global demand and supply estimates.  
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Figure 17: Global lithium supply and demand 




3.3 Greenbushes Concentration Procedure 
When it comes to obtaining lithium from mineral ores or clay sources, it is initially 
obtained by mining the material. Once the run of mine ore has been recovered from the 
ground, it initially requires concentration before being transported to the market. The 
variation in ore compositions may cause each mine site to have slightly different 
procedures for concentration. However, the general process is to crush and grind the 
material before separating the valuable compounds from the gangue residues. This is 
usually achieved by passing the ore through a series of gravity and froth flotation circuits. 
The concentration procedure that is employed at Greenbushes mine site, in Western 
Australia is briefly outlined to provide an example of this general circuit.  
Talison Lithium, a joint venture between Albemarle and Tianqi Lithium, owns and 
operates Greenbushes mines which produces over one third of the global lithium yield. 
The area was initially explored for tantalum, where in the process of digging the mine, 
huge veins of spodumene was discovered on the rock face as illustrated in Figure 18.  
 
 
Figure 18: Greenbushes spodumene vein 
This lighter coloured pegmatite rock often contains up to 50% spodumene. This ore is a 
silicate of lithium and aluminium that is easily noticed as it shines in the sun and is the 
chemical industries basis for all derivatives of lithium. The extraction procedure is a 
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common channel process where holes are drilled into the surface and explosives are 
inserted. The fragmented rock is then carried to initial crushers for a coarse crush before 
it is transferred by conveyor belt to a finer grinding mill at the plant. Here a ball mill 
further grinds the ore down to particle size that is smaller than one tenth of a millimetre. 
Water is then added to the mill, which allows slurry of fine particles; called the pulp, to 
be obtained. The slurry is then transferred to the flotation tanks where the density 
difference between the spodumene and gangue rocks assists in a physical separation. 
Collectors like oleic acid, which are surfactants, are then added to the pulp. This alters 
the lithium minerals by making them hydrophobic as the particle surfaces become 
activated. The pH is also adjusted to be slightly basic at between 8 and 10. Foaming agents 
that are typically alcohols are then added, which decreases the surface tension of the pulp. 
In doing so, the process becomes more efficient by preventing coalescence of the bubbles 
and thus making the foam more compact and stable. The hydrophobic lithium-bearing 
particles become attached to bubbles and floats in the foam to be collected at the top of 
the flotation tanks. Meanwhile, the remaining pulp is then fed into the next tank for a 
second pass in order to recover the maximum amount of lithium ore. This process is 
completed with multiple passes through the floatation tanks until there is no more lithium 
ore in the pulp. In doing so, the recovered foam contains a high concentration of 
spodumene. If there is iron present in this concentrate then it is removed by magnetic 
separation. The mixture is then passed through a filter mat which allows the liquid to 
continue flowing while the spodumene is collected and dried. The final product, 
depending on the desired quality, contains between 63 and 94% spodumene, while the 
impurities are generally silica with a little feldspar. The dry concentrate is then packed to 
be transported to market around the world; however most is shipped to China to convert 
the spodumene into the various lithium derivatives.  
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More than half the lithium produced will be used to produce low thermal expansion glass, 
which is in the screens of smart phones and tablets, as well as for making the batteries to 
power them. The remaining production is used to make lubricants for high temperature, 
to decrease the melting point of aluminium, for producing aluminium alloys for outer 
space, in some medicines or for pyro-techniques and many other applications.  Figure 19 
presents the flow sheet for the floatation of spodumene ores. 
 




3.4 Mineral and Clay Processing Methods: 
The concentrated spodumene or lithium bearing minerals are initially subjected to 
physical separation to produce a concentrate. This first treatment step consists of mineral 
liberation by crushing and grinding the lithium bearing minerals.  Following this, mineral 
separation takes place through gravity and froth flotation processes. (F. Margarido, N. 
Vieceli, F. Durão, C. Guimarães, C.A. Nogueira 2014) 
The extraction and recovery of lithium follows three separate stages, which consists of; 
1. Altering the physical and chemical structure of the mineral through decomposition 
2. Ion exchange at high temperature where lithium ions in the mineral are replaced 
by sodium or potassium ions  
3. Ion exchange at high temperatures, possibly under pressure within aqueous 
solutions  
(Sharratt 1955) 
These processes take place within one of three existing treatments for extracting lithium 
from spodumene, which includes; 
1. The Acid Process 
2. The Alkaline Process  
3. Ion exchange 
Meanwhile, lithium metal is commercially produced by molten salt electrolysis of lithium 
chloride and can be produced from all lithium bearing raw materials. 
 
3.4.1 Transition from Alpha to Beta Spodumene 
The main economic lithium mineral resource, mined in Australia is from spodumene due 
to its high lithium oxide content of 8.0%. The main issue with processing this mineral is 
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that it’s not feasible to extract lithium from its natural α-spodumene form due to its crystal 
structure that surrounds the lithium ions. As the α-spodumene is chemically inert, it 
requires a volume expansion to introduce cracks into the crystals and thereby irreversibly 
transforming it into its β-spodumene form. Since a-spodumene is virtually un-attacked by 
hot sulphuric acid leaching, heat treatment is first required to expand the crystal structure, 
providing passages to liberate the lithium ions. (P. Choubey, M. Kim, R. Srivastava, J. 
Lee & J. Lee 2016) Spodumene can have three crystal structure; α, β or γ-spodumene. 
The irreversible calcination of α-spodumene to β-spodumene is a necessary pre-treatment 
for the extraction of lithium. α-spodumene is the natural monoclinic crystal structure of a 
chain-silicate where silicon is in a tetrahedral structure with aluminium and lithium 
forming a-sixfold coordination. When the α-spodumene is heated to between 800 and 
1,100ºC, it expands and recrystallises into five-membered rings of (𝑆𝑖𝐴𝑙)𝑂4 and thereby 
forming the β-spodumene tetragonal crystal structure. Meanwhile, the third phase; γ-
spodumene is a metastable phase that occurs between the alpha and beta forms which 
takes place between 700 to 900ºC. (N. Salakjani, P. Singh & A. Nikoloski 2016) The 
temperature also needs to be carefully controlled below 1,400°C to avoid the formation 
of eutectics between the α-spodumene and silicate gangue minerals. The conversion to 
the beta form improves the reactivity through volume expansion as the material becomes 
less densely packed decreasing from 3.15
𝑔
𝑐𝑚3




spodumene. Here the open lattice of the β-spodumene becomes significantly more 
amenable to chemical attack, compared to its α-spodumene form. In doing so, the lithium 
recovery through leaching substantially improves. Overall, the Lithia species becomes a 
more reactive material by; 
1. Increasing the volume and surface area of the material 
2. Weakening the crystal structure of the material 
3. Offering the lithium ions more mobility in the material 
66 
Meanwhile, the α-spodumene is refractory and would require to be very finely ground to 
allow the lithium to react with chemical reagents for recovery. Alternatively, high 
pressure processing could also be implemented however it’s more effective to transform 
to the β-spodumene structure due its almost instantaneous nucleation and growth. (Mast 
1989) The most extensive worldwide deposits are in Australia, while other economic 
spodumene resources are also located within China, Brazil, Russia and Congo. 
Petalite can follow the extraction methods suitable for spodumene, as it can also be 
transformed into the β-spodumene form at high temperatures. (Wietelmann 2000) 
 
3.4.2 Acid Process 
 
With the phase transformation, there is a tendency towards a tetragonal structure where 
small cavities are created while the lithium atoms are formed. The insertion of these 
cavities increases the cell volume and lowers the density while the material gains cation 
exchange properties; specifically for 𝐿𝑖+ 𝑎𝑛𝑑 𝐻+.  In doing so, the material becomes 
susceptible to acid leaching through the following chemical formula; 
 2𝐿𝑖𝐴𝑙𝑆𝑖2𝑂6 + 𝐻2𝑆𝑂4 → 𝐿𝑖2𝑆𝑂4 + 𝐴𝑙2𝑂3 + 4𝑆𝑖𝑂2 + 𝐻2𝑂 
This sulphuric acid process is the main commercially viable method that is demonstrates 
within the following Figure 20. After the ore’s crystal structure is transformed from the 
alpha to beta form it is then cooled, roasted and leached with hot 250°C sulphuric acid in 
a rotary kiln. The sulphuric acid is added with an excess of about 35% above the 
equivalent lithium content. The material is then leached in water as the sulphuric acid 
donates its hydrogen ions, while exchanging them for the lithium ions within the 
spodumene ore. As this exothermic reaction takes place, a soluble lithium sulphate is 
separated from the insoluble gangue material. While the lithium sulphate has a high 
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stability in aqueous solutions, other impurities of aluminium, magnesium, potassium or 
sodium can also form soluble sulphate compounds. Purification of these impurities occurs 
by neutralising the acid solution with ground limestone before being filtered to remove 
the aluminium and iron particles. This leaves behind a mixed alkali sulphate solution that 
is saturated with calcium sulphate. 
 
Magnesium ions also derived from the limestone is then precipitated by adding hydrated 
lime, followed by addition of soda ash to precipitate excess calcium. Following this 
filtration process, the lithium sulphate solution is then concentrated by an evaporator with 
its pH being adjusted to between 7 and 8 by sulphuric acid addition. The lithium also 
becomes slightly soluble in a carbonate agent like soda ash/sodium carbonate, which 
occurs in the following reaction. 
 𝐿𝑖2𝑆𝑂4 + 𝑁𝑎2𝐶𝑂3 → 𝐿𝑖2𝐶𝑂3 + 𝑁𝑎2𝑆𝑂4 
In doing so, the lithium carbonate is precipitated from the lithium sulphate solution at 90 
to 100ºC from a 28 wt. % soda ash solution. This acid leaching method recovers a high 
proportion of the lithium with the spent solution being recycled for further extraction. The 
precipitated lithium carbonate is then centrifuged, washed, and dried for sale. 
(Wietelmann 2000) Alternatively, after lithium carbonate extraction the solution can then 
be cooled to O°C where the sodium sulphate then precipitates as a decahydrate and can 
be recovered as a by-product. Here the decahydrate is centrifuged and converted to the 
anhydrous salt for sale. (P. Choubey, M. Kim, R. Srivastava, J. Lee & J. Lee 2016) 
Meanwhile, the remaining mother liquor is recycled for lithium and soda ash. 
(Wietelmann 2000)  
 
During roasting, the lithium ions can alternatively be replaced by sodium ions. For 
maximum recovery, the crushed ore is mixed with ground sodium sulphate before being 
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roasted at 850 to 1,200°C. Once heated to 1,170°C, an ion exchange reaction has occurred 
where the lithium ions are replaced by the sodium atoms. While the melting point of b-
spodumene is 1,400°C, this temperature cannot be reached as gangue minerals in the ore 
will melt below this point producing difficulties in removal from the melt. (Wietelmann 
2000) Figure 20 illustrates the acid process for producing concentrated lithium carbonate. 
 
 
Figure 20: The sulphuric acid process to recover lithium carbonate 
(P. Choubey, M. Kim, R. Srivastava, J. Lee & J. Lee 2016) 
 
If other alkali metal sulphates like potassium sulphates are used then there is a greater 
melting point which also decomposes silica and reduces the lithium recovery. As such, 
the use of sodium sulphate is favoured as a cheaper and more reliable option. 
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A secondary treatment option can occur where sulphur trioxide reacts with β-spodumene 
in a solid-gas reaction at 350ºC. The lithium is extracted while the material is water 
leached and dissolves lithium sulphate and impurities. Purification takes place where iron 
and aluminium are precipitated at a pH of 6 to 7, followed by addition of soda ash for 
precipitation of lithium carbonate. Beyond this, passing carbon dioxide through a lithium 
bicarbonate solution can also produce lithium carbonate. 
The extraction of lithium from β-spodumene can also occur by roasting the ore with 
ammonium sulphate at 150 to 370ºC. This reaction forms lithium sulphate solution and 
ammonia gas, which is then absorbed in water for subsequent leaching at a pH of 7. This 
leaves the impurities in the solid gangue, while lithium fluoride is precipitated from the 
leach solution after being treated with ammonium fluoride. (Dwyer 1957) The lithium 
fluoride is then treated with sulphuric acid to yield lithium sulphate and hydrogen 
fluoride. Combined with a reducing gas at 1,150ºC the lithium sulphate is hydrolysed to 
lithium hydroxide.  
In 2012, Galaxy Resources developed the world’s first continuous plant to produce 
lithium carbonate from spodumene by calcination, roasting this calcine with sulphuric 
acid and then water leaching. The major drawback with the use of the sulphuric acid 
leaching process is that it requires the heat energy expense to initially convert the ore 
from its alpha to beta form. Furthermore, the other lithium micas would require higher 
concentrations of sulphuric acid with several or more complex purification processes. (P. 
Meshram, B. Pandey, T. Mankhand 2014) 
 
3.4.3 Alkaline Process 
The alkaline method occurs where limestone is mixed in with the ground 
spodumene/lepidolite concentrate before being roasted at 825 to 1,050 °C in a rotary kiln. 
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There should be a 4:1 height to weight ratio of the limestone to ore. This pyrolysis reaction 
produces a sintered calcine that then needs to be crushed, milled and water leached to 
form an impure lithium hydroxide solution. Salts like calcium chloride or sulphate can 
also be added into the pre-roasted mixture which would then produce additives of lithium 
sulphate or chloride solutions. Ultimately, the lithium silicates are transformed into 
lithium aluminates that can then be leached to produce lithium hydroxide and an insoluble 
calcium aluminate. The combined solution is then reacted with hydrochloric acid to 
convert the lithium hydroxide into lithium chloride. This alkaline method produces a 
lithium recovery of between 85-90%. (Wietelmann 2000) In doing so, the alkaline process 
initially leads to lithium hydroxide that can then be converted to a carbonate or chloride 
salt. The calcination reaction between the spodumene and limestone is demonstrated as; 
 𝐿𝑖2𝑂 ∙ 𝐴𝑙2𝑂3 ∙ 4𝑆𝑖𝑂2 + 𝐶𝑎𝐶𝑂3 → 𝐿𝑖2𝑂 + 𝐶𝑎𝑂 ∙ 𝐴𝑙2𝑂3 ∙ 4𝑆𝑖𝑂2 + 𝐶𝑂2 
Alternatively, the recovered lithium hydroxide solution is evaporated to crystalize lithium 
hydroxide monohydrate. The products of lithium carbonate and hydroxide can be further 
treated to form anhydrous lithium chloride for lithium metal production or a variety of 
other lithium chemicals. (Penner 1977) 
This same beneficiation process can be followed for lepidolite-bearing ores. Here the 
lepidolite lamellar crystals react with dry hydrogen chloride at 935°C to produce a high-
yield volatile lithium chloride. Alternatively, carbo-chlorination can also produce lithium 
chloride; where a carbon powder is mixed in with the lepidolite ore before it is heated 
with chlorine gas steam.  (Cardarelli 2000) 





Figure 21: Alkali process to recover lithium carbonate  
(P. Choubey, M. Kim, R. Srivastava, J. Lee & J. Lee 2016) 
 
3.4.4 Ion Exchange/Solvent Extraction Process 
The ion exchange group consists of a variety of methods which can include; 
 For the ion exchange reaction to occur, the β-spodumene needs to be mixed with a 
desired reagent and heated at a relatively moderate temperature. The reagent can 
either be an aqueous solution of a strong mineral acid, a molten salt or a sodium or 
potassium salt like a chloride or sulphate. Ultimately an acid or an alkali metal salt 
causes an ion exchange where the hydrogen, potassium or sodium ions replace the 
lithium ions in the ore. Lithium-enriched liquor is produced through a leaching 
72 
reaction where the cations in the solution are exchanged for the cation ions in the 
spodumene ore. After this reaction, the liquor can then be filtered to recover the 
lithium carbonate. (Cardarelli 2000) 
 β-spodumene can also react with a sodium carbonate solution in an autoclave at 190 
to 250°C. This reaction produces a slurry mixture of lithium carbonate and an ore 
residue. Once this mixture has been cooled, the lithium carbonate reacts with carbon 
dioxide to produce a lithium bicarbonate solution. Once the solution has been 
separated from the gangue solids, it is then filtered before the filtrate is heated to 
remove the carbon dioxide. In doing so, the normal lithium carbonate is recovered. 
(Wietelmann 2000) 
 Lithium salts can also be formed in solution by reacting sodium chloride or sodium 
sulphate solution with β-spodumene in an autoclave at 100–300°C.  
 Another ion exchange method is where the β-spodumene reacts with a strongly acidic 
cationic-exchange resin. The reaction occurs in the presence of water at 90 to 150°C 
where the resin is separated by eluting the lithium ion.  
 An alternative method was where; double the amount of fused sodium or potassium 
acetate salts were reacted with β-spodumene to produce lithium acetate. The initial 
mixture was gradually heated to 324°C and then cooled before being ground. Hot 
water was then used to leach out the lithium acetate into solution. Hot concentrated 
soda ash was then added to the solution to precipitate out the lithium carbonate 





3.4.5 Chlorination Process 
The chlorination method is a less common process that occurs by roasting the ore at 880 
to 1,100°C in the presence of either chlorine gas or hydrochloric acid. This roast needs to 
be in the presence of chlorine gas for spodumene ore, where lithium chloride is formed 
in the reaction. This reaction is favoured at the higher 1,100°C temperature to recover a 
greater yield, with only 58% being recuperate at 1,000°C. (L. Barbosa 2014) Meanwhile, 
Lepidolite ore is roasted in the presence of hydrochloric acid at a lower temperature of 
935°C to give a 100% lithium yield. (P. Meshram, B. Pandey, T. Mankhand 2014) 
Alternatively, ammonium chloride and calcium chloride can also be used to sinter the 
lithium-bearing ore at 750°C. Again the lithium is converted to lithium chloride which 
can then be water leached to recover 98% lithium.  
Calcium carbonate with calcium chloride and/or sodium chloride was also used to roast 
Indian lepidolite at 950°C for an 80% lithium chloride recovery. 
 
 2𝑁𝑎𝐶𝑙 + 6𝑆𝑖𝑂2 + 𝑀2𝑂 + 𝐴𝑙2𝑂3 → 2𝑁𝑎𝐴𝑙𝑆𝑖3𝑂8 + 2𝑀𝐶𝑙 
 𝐶𝑎𝐶𝑙2 + 𝑆𝑖𝑂2 + 𝑀2𝑂 → 𝐶𝑎𝑆𝑖𝑂3 + 2𝑀𝐶𝑙 
 𝐶𝑎𝐶𝑙2 + 2𝑆𝑖𝑂2 + 𝐴𝑙2𝑂3 + 𝑀2𝑂 → 𝐶𝑎𝐴𝑙𝑆𝑖2𝑂8 + 2𝑀𝐶𝑙 
 
A mixture of calcium chloride and sodium chloride is beneficial over either agent as its 
combined lower melting point increases the fluidity of the chloride melt. This improves 
the connection between the chlorinating agent and lepidolite surface to increase the rate 
of diffusion. In doing so, this selectively produces a higher lithium extraction yield. 
Selective chlorination of hectorite was also reported by Crocker and Lien (1987) in clays 
with limestone at 750 °C using 20 wt.% hydrochloric acid. (P. Meshram, B. Pandey, T. 
Mankhand 2014) 
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3.4.6 Pressure Leaching  
The downturn with chlorination roasting is that it requires corrosion-resistant equipment 
and as such an autoclave is crucial. Sodium carbonate solution in an autoclave can be 
used to treat β-spodumene. Here a liquid/solid ratio of 4:1 and Na/Li of 1.25:1 at 225°C 
is required for pressure leaching. This following reaction forms lithium carbonate and 
analcime slurry; 
 
 β − Li2𝑂 ∙ 𝐴𝑙2𝑂3 ∙ 4𝑆𝑖𝑂2 + 𝑁𝑎2𝐶𝑂3 + 𝑛𝐻2𝑂 → 𝐿𝑖2𝐶𝑂3 + 𝑁𝑎2𝑂 ∙ 𝐴𝑙2𝑂3 ∙ 4𝑆𝑖𝑂2 ∙
𝑛𝐻2𝑂 
 
Carbon dioxide is then sparged through the slurry under pressure to produce soluble 
lithium bicarbonate. After filtering out the solid residue, this solution is then heated to 
90°C to release the carbon dioxide, leaving behind a re-precipitated 99.6% pure lithium 
carbonate recovery. (T. Tran & V. Luong 2015) 
 
 𝐿𝑖2𝐶𝑂3 + 𝐶𝑂2 + 𝐻2𝑂 → 2𝐿𝑖𝐻𝐶𝑂3 
 2𝐿𝑖𝐻𝐶𝑂3 → 𝐿𝑖𝐶𝑂3 + 𝐶𝑂2 + 𝐻2𝑂 
 
Another chlorination option was developed by Medina and El-Naggar where a mixture 
of 8:1 (wt.) tachyhydrite:spodumene was roasted at 1,150°C. This roast was then followed 
by water leaching that produced an 87% lithium yield from spodumene. (L. Medina 1984) 
 
80% lithium recovery by direct roasting of α-spodumene can occurs by mixing it in with 
limestone and roasting it at 1,000 to 1,230°C. The calcines are then leached at 100-205°C 
to yield the lithium recovery. (T. Tran & V. Luong 2015) Alternatively, β-spodumene can 
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be mixed with lime milk in an autoclave to be leached at 100-205°C under pressures of 
15-250 psi. Within a time period of 2 hours over 90% of the lithium is obtained as lithium 
hydroxide. (Nicholson 1946) 
 
A caustic pressure leaching process was also patented where sodium/potassium hydroxide 
are mixed with β-spodumene before being roasted at 100 to 200°C under pressures of 
14.7 to 250 psi. (Chubb 1963) This decrepitating process can also occur in the presence 
of sodium hydroxide/sodium carbonate with either calcium oxide or calcium hydroxide. 
This leach liquor is then sparged with carbon dioxide to precipitate products of lithium 
carbonate and calcium carbonate.  After these solids are filtered from the solution, then 
the products are redissolved in water for the selective recovery of lithium carbonate. (D. 
Palmer 2007) The remaining sodium carbonate filtrate and residual Li is then causticized 
by calcium oxide or calcium hydroxide. This produces a solution of lithium hydroxide 
for recovery and sodium hydroxide which is then recycled back to the digestion stage. 
The pressure leaching of spodumene ores can also extract lithium with compound 
additives of sodium silicates, sodium borates, or sodium sulphides. (T. Tran & V. Luong 
2015) 
α-spodumene has also been directly digested in 93% concentrated sulphuric acid at 
temperatures of 250-500°C under pressures of 50 to 2,000 psi in an autoclave within 0.5 
to 4 hours. This pressured acid leaching method was claimed to recover 96% of the 
lithium as lithium sulphate. (Robinson 1961) 
 
3.4.7 Bioleaching 
Decrepitating spodumene and extraction of its lithium requires a large energy and reagent 
expenditure. However, natural spodumene is unstable and weathering of the mineral by 
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micro-organisms has been demonstrated. In 1990 Rossi and Ehrlich reported bioleaching 
of alumina-silicates by fungi since bacteria has been known to dissolve silicate minerals. 
Heterotropic organisms of Penicillium Purpurogenum, Aspergillus Niger and 
Rhodotorula Rubra were analysed separately due to their produced organic acids and 
extracellular polymers. Table 1 below indicates that following a 30 day period led to an 
extraction of lithium from bioleaching. However, due to the significant size of ores that 
would need to be processed and the amount of time required, this method is undesirable. 
(I.Rezza, E. Salinas, V. Calvente, D. Benuzzi, S. Tosetti 1997) Meanwhile, Figure 22 
illustrates the chemistry involved in producing lithium products from lithium carbonate 
or lithium hydroxide. (I.Rezza, E. Salinas, V. Calvente, D. Benuzzi, S. Tosetti 1997) 
 
Table 1: Bioleaching of P.Purpurogenum, A. Niger and R. Rubra  





Figure 22: Production of lithium compounds from lithium carbonate or lithium hydroxide  
(W. Averill & D. Olson 1977) 
 
3.5 Brine Processing Methods: 
Processing brines has been a dominant source of lithium since its production costs is 30-
50% less than that for mined ores. Lithium carbonate is recovered from brines by pumping 
the mixture from underground aquifers into cascaded evaporative ponds for concentration 
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before being refined. Impurities of sodium, potassium and magnesium chlorides 
crystallize as the solar evaporation process takes over a year. Meanwhile, the refining 
process is where calcium carbonate is roasted and then mixed with the brine for the 
removal of magnesium hydroxide. The removal of the potassium, magnesium, sodium 
and calcium impurities is necessary to prevent co-precipitation with the final product. 
Hence, flotation, adsorption, ion exchange and solvent extraction are necessary processes 
for the separation of these mineral contaminants. Meanwhile, once the lithium 
concentration of the brine reaches 6% then the solution is transported for recovery.  (Y. 
Koyanaka, Y. Yasuda 1977) The highlighted procedures for extracting lithium from 
brines consist of adsorption/ion exchange, solvent extraction and co-precipitation.  
 
 
3.5.1 Adsorption Process 
 
In order to isolate lithium and its compounds from brine or seawater requires an inorganic 
ion-sieve. This material needs to fulfil the adsorption method by having an extremely 
high selectivity for lithium ions. As such, the selective lithium recovery requires various 
adsorbents that have high capacities regardless of alkali earth metals in an alkaline 
solution. Spinel-type manganese oxide is an example of an inorganic ion-exchanger that 
has demonstrated an extremely high selectivity for lithium from seawater. The spinel-
type manganese oxide adsorbents are considered to be the most effective as this material 
has high lithium selectively and a high chemical stability against lithium insertion-
extraction in an aqueous medium.  
Kitajou claimed that this ion-exchanger has concentrated lithium 400 times over with 
minor sodium extraction from seawater. (A. Kitajou, T. Suzuki, S. Nishihama, K. 
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Yoshizuka, 2003) This manganese oxide adsorbent can be synthesized by transforming 
lithium manganese dioxide and heating it to 400°C, where the precursor is gained through 
either a hydrothermal or reflux method. The hydrothermal method was where hydrous 
manganite was mixed with lithium hydroxide before being autoclaved at 120°C for 1 day. 
The precipitate was then filtered, washed and dried at 60°C before the resulting lithium 
manganese dioxide was roasted at 400°C for 4 hours in air to obtain 𝐿𝑖1.6𝑀𝑛1.6𝑂4. The 
lithium is then extracted by hydrochloric leaching for 1 day, while the residue is then 
filtered washed and dried to produce the inorganic adsorbent 𝐻1.6𝑀𝑛1.6𝑂4. Meanwhile, 
the reflux method boils the mixture of the hydrous manganite and lithium hydroxide for 
8 hours before following the same roast and acid leach procedure. (R. Chitrakar, H. 
Kanoh, Y. Miyai,K. Ooi 2001) 
More recently, nitric acid leaching of lithium di-manganese-tetra-oxide (𝐿𝑀𝑂 =
 𝐿𝑖𝑀𝑛2𝑂4) has produced the spinel-type manganese oxide adsorbent, simplified LMO is 
Lithium Manganese Oxide. Here a solid state reaction between lithium hydroxide 
monohydrate and manganese oxide synthesized the LMO before it was calcined at 820°C 
for 24 hours.  The higher temperature and longer time period illustrated good 
crystallisation of the spinel-type manganese oxide sieve. (C. Wang, Y. ZHAI, X. Wang, 
M. Zeng 2014) 
Nano-manganese oxides have also been synthesized through a gel process. (K. Chung, 
J.Lee, E. Kim, K. Lee, Y. Kim, K. Ooi 2004) The manganese oxide was shown to have a 
higher adsorption capacity for lithium when its ground down to a very fine size. This ion-
exchanger illustrated maximum uptake of lithium from the seawater when compared with 
other adsorbents. (R. Chitrakar, H. Kanoh, Y. Miyai,K. Ooi 2001) 
However, Yoshizuka illustrated that manganese oxide produced a 35% low purity of 
lithium ions that was contaminated with sodium compounds. This was a granulation 
method which applied chitin-based binders. (K. Yoshizuka, A. Kitajou, M. Holba 2006)  
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Lithium extraction of 30.3 mg/g adsorbent from seawater was possible by magnesium 
being included in the adsorbent after acid leaching. The effective lithium recovery and 
fast absorption (less than 24 hours) of magnesium doped manganese oxide was also 
established. (R. Chitrakar, Y. Makita, K. Ooi, A. Sonoda 2013) Meanwhile, the presence 
of zinc in the polymeric membrane extracted 33.1 mg Li/g sorbent being very effective 
92.88% and kinetically favoured. (K. Chung, J. Lee, W. Kim, S. Kim, K. Cho 2008) 
 
100% lithium recovery from seawater was achieved by creating the 𝐻𝑀𝑛2𝑂4 lithium 
absorbent through eluting/acid leaching lithium di-manganese-tetra-oxide (𝐿𝑖𝑀𝑛2𝑂4 ). 
This intermediate is synthesized from the reaction of lithium hydroxide monohydrate 
(𝐿𝑖𝑂𝐻 · 𝐻2𝑂) with manganese oxide (𝑀𝑛3𝑂4). (T. Wajima, K. Munakata, T. Uda 2012) 
 
The use of aluminium salt adsorbent with aluminium hydroxide and lithium hydroxide at 
pH 5.8 has indicated recovery of lithium from brines of 0.6–0.9 mg Li/g rather than the 
other metals in solution. This method occurs where the corrosion of the aluminium 
surface in sea water selectively extracts the lithium ions. (Q. Dong, Y. Li, X. Piao, S. Zhu 
2007) (S. Hawash, E. Abd, D. El 2010) (Clarke, Lithium-ion batteries: raw material 
considerations 2013) 
 
Cylinder-type adsorbents have also been produced with a maximum adsorption capacity 
of 27.62mg/g. Here lithium carbonate and manganese carbonate reacts to form the LMO 
absorbent while a sodium silicate solution is used as a binder. These reactants are formed 
into a porous cylinder structure for subsequent heat (500°C for 4 h) and acid treatment. 
This produces a material that allows liquid to flow through it with hydrogen to lithium 
ion exchange reaction. (T. Ryu, J. Shin, J. Ryu, I. Park, H. Hong, B. Kim, K. Chung 2013) 
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3.5.2 Precipitation Process 
 
The lithium compounds will precipitate from solution at a pH range of 10-13 for recovery. 
Aluminium salts are a co-precipitating agent that illustrates the strongest performance at 
extracting lithium from geothermal solutions. It was established that 98-99% lithium will 
be recovered from a high purity sodium aluminate solution that is free of calcium and 
silicon dioxide at a pH of 11.5.  Aluminium concentration, pH and temperature 
significantly affect the lithium recovery. As such the 25°C was constant, pH was 11-12.5 
and Al concentration was 50 − 1000
𝑚𝑔
𝑑𝑚3
. (T. Yoshinaga, K. Kawano, H. Imoto 1986) 
The Bolivian Salar de Uyuni brines contain a magnesium/lithium mass ratio of 21.2:1, 
and hence, this high magnesium content contaminates the lithium extraction. However, 
this metal should also be recovered as a valuable by-product. This occurs by adding oxalic 
acid to the evaporation ponds to precipitate the calcium and magnesium impurities prior 
to the extraction of lithium. This process produces magnesium oxalate crystals that can 
then be removed from solution and roasted for the production of magnesium oxide. (K. 
Tran, T. Luong, J. An, D. Kang, M. Kim, T.Tran 2013)  
A two-stage precipitation procedure has been developed to separate the magnesium and 
sulphate impurities of the Bolivian brines. Here hydrometallurgical processes needed to 
recover lithium from brines that were saturated with sodium, chloride and sulphates. The 
first stage occurs by adding lime and adjusting the pH of the brine to 11.3. In doing so, 
this precipitates magnesium hydroxide and gypsum from the solution. Following this 
sodium oxalate is included to remove most of the calcium and residual magnesium from 
the brine. The second-stage occurs once these contaminants have been removed and the 
concentration of lithium is strong enough; 6%, then sodium carbonate is added to the 
brine at 80 to 90°C. This crystallises the lithium and precipitates 99.6% of it as lithium 
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carbonate.  Any residual lithium can then be recovered by absorption/solvent extraction 
where β-diketones (LIX-51) and TBP is added. (J. An, D. Kang, K. Tran, M. Kim, T. 
Lim, T. Tran 2012)  (Y. Miyai, K. Ooi, S. Katoh 1988) 
 
A similar two-stage precipitation process was also developed to extract lithium from 
seawater that contained calcium and magnesium impurities. (N. Um, T. Hirato 2012) 
Meanwhile, a similar process is employed at the salar brine within Argentina where 
magnesium and calcium impurities are again precipitated prior to the recovery of lithium 
chloride. (Clarke 2013) 
 
 
3.5.3 Ion Exchange/Solvent Extraction Process 
 
Solvent extraction/ion exchange is effective for solutions that contain high concentrations 
of magnesium and calcium where selective stripping/elution remove the impurities. A 
precipitate of lithium compounds can then be recovered from the purified solution.  
Steinberg and Dang initially proposed a solar evaporation and ion exchange procedure 
for the extraction of lithium. Here the ordered cations in seawater; potassium, sodium, 
lithium and magnesium, are selectively exchanged for hydrogen ions in the Dowex resin. 
In turn, lithium chloride is produced by hydrochloric acid eluting lithium ions as they are 
transferred to an electrolyser for lithium production. (M. Steinberg, V. Dang 1976) 
 
Nitric acid has also been utilized to elute lithium from sodium and beryllium by saturating 
a column of sulphonated polystyrene cation-exchange resin in 80% methanol. Here the 
mixed acid-methanol solution elutes the samples as they are loaded into the resin column. 
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Within a single pass, there was extremely good separation of lithium from sodium ions. 
(F. Strelow, C. Weinert, T. Walt 1974) 
Previous studies demonstrated that organic ion-exchange resins were ineffective with 
poor selectivity for lithium ions. However, Bukowsky proposed that combined with 
precipitation, they could be effective for lithium separation and recovery by using calcium 
and magnesium chloride solutions. (H. Bukowsky, E. Uhlemann, D. Steinborn 1991) 
Divalent metals have a higher sorption capacity when compared to their mono-valent 
ions. As such sulphonated type resins have also been applied to remove the divalent forms 
of magnesium, calcium, strontium and manganese metal ions. Meanwhile, the mono-
valent metal ions were separated by using 1-phenyl-1, 3-tetradecanedione 
(C11phβDK)/tri-n-octylphophine oxide (TOPO) to impregnate the resin. The synergistic 
solvent impregnated resin (SIR) was also used for selective adsorption of lithium in 
aqueous chloride solutions. Optimal extraction led to a 96.9% lithium elution with 99.8% 
purity. Meanwhile, a 56% lithium yield with 99.9% purity was achieved by using an 
ammonium carbonate solution to precipitate lithium carbonate.  (S. Nishihama, K. Onishi, 
K. Yoshizuka 2011) 
 
A 7 stage counter-current solvent extraction mixer settler system was implemented where 
various solvents can extract the stable lithium tetra-chloroferrate (𝐶𝑙4𝐹𝑒𝐿𝑖2). The 
extraction stage 1 involved the lithium bitterns that were high in magnesium content being 
converted to this compound by adding an aqueous ferric chloride and hydrochloric acid 
solution. This reaction formed soluble lithium tetra-halo ferrate which was then contacted 
with an organic solvent stream. This inhibits hydrolysis of the ferric chloride while the 
lithium is recovered by the organic solvents. The stage 1 aqueous raffinate is discarded 
while the organic phase is mixed with water for separation in stages 2 and 3.  The solvent-
rich stripped extract is recycled to stage 1 while the strip liquor is mixed with 
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sodium/potassium chloride for a second extraction in stage 4 to 7. Here the increased 
chloride ions drive ferric iron into the organic phase due to a second added solvent 
mixture of benzene, di (2ethylhexyl phosphoric acid); (D2EHPA), and tri-n-butyl 
phosphate; (TBP). This produces a lithium tetra chloroferrate solvent extract that is then 
stripped with water in stage 5 and 6. The aqueous product is evaporated for precipitation 
of anhydrous lithium chloride salt. Alternatively, sodium carbonate can be added to 
precipitate lithium carbonate.  The water quantity in stage 5 is controlled to increase the 
organic solvent phase-to-aqueous phase ratio which range between 3:1 and 10:1. In doing 
so, the magnesium salts that have a greater affinity for the aqueous phase are obtained 
which supresses the co-extraction of lithium ions. Greater than 80% of the lithium is also 
extracted from the lithium tetra chloroferrate with a mixture of 80% di-isobutyl ketone 
and 20% TBP. (J. Nelli 1970) 
 
The chemical similarities between lithium and magnesium were also explored when the 
electrodes of lithium iron phosphate/iron phosphate identified lithium’s good reversibility 
and higher polarization. This led to a 94.3% lithium extraction while that of magnesium 
remained poor at low voltages. This indicated that this electrolysis method was beneficial 
for separating magnesium from lithium. (Z. Zhao, X. Si, X. Liu, L. He, X. Liang 2013) 
 
The method relies on an electrolytic cell with the use of an anionic selective membrane 
that indirectly transfers lithium ions produced from one electrode being selectively 
intercalated to the other electrode. Figure 23 illustrates the electrolytic cell and the 
following redox reactions: 
Negative electrode: Reduction/Intercalation (Compartment A: Li-Brine) 
 





Positive electrode: Oxidation/De-intercalation (Compartment B: Fresh Electrolyte) 
 
 𝐿𝑖𝐹𝑒𝐼𝐼𝑃𝑂4 → 𝐿𝑖
+ + 𝑒 + 𝐹𝑒𝐼𝐼𝐼𝑃𝑂4 
 
The electrolytic cell demonstrates the selective recovery of lithium from brines by: 
 
a) The reduction process where the lithium ions in the brine solution are intercalated 
onto the negative 𝐹𝑒𝐼𝐼𝐼𝑃𝑂4 electrode, while 
b) The oxidation process occurs where the lithium ions are de-intercalated from the 
𝐿𝑖𝐹𝑒𝐼𝐼𝑃𝑂4 positive electrode into the fresh electrolyte. 
 
Meanwhile, once the negative electrode is fully loaded with lithium ions, it is replaced 
and recycled to maintain a continuous extraction process. Here the lithium is concentrated 
within the fresh electrolyte while it is extracted from the brine. Furthermore, the influence 
of the magnesium and sodium ions in the brine can also be minimised by controlling the 
voltage of the process. The loaded lithium electrolyte within compartment (b) can also be 
continuously absorbed by an ion-exchanger resin before being stripped and concentrated. 
(T. Tran & V. Luong 2015) The higher selectivity of the lithium manganese oxide 
electrodes for intercalating lithium ions has proposed it as being of better quality than the 




Figure 23: Electrolytic cell for the recovery of lithium from brine  
(T. Tran & V. Luong 2015) 
 
3.6 Processing Different Resources of Lithium 
 
After the pegmatite ores have been mined it’s initially passed through a comminution 
stage where the material is finely crushed and ground down to 15-200µm. If the particle 
sizes are below this limit then they are largely rejected as slimes within the flotation 
process. Sodium hydroxide and sedimentation principals are applied to eliminate these 
slimes. The ore is then passed through three to four froth flotation beneficiation stages 
where it becomes impregnated with surfactant additives like fatty acids or sodium 
xanthate. This separates and removes many of the contaminants like quartz, feldspars or 
micas from the valuable lithium bearing concentrate.  If this concentrated ore is either 
spodumene or lepidolite, then it is calcined before being processed as follows. (Cardarelli 
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2000) Figure 24 presents the general flow sheet for the production of lithium compounds 
from mineral ore sources. 
 
 
Figure 24: Flow sheet to produce lithium compounds from mineral sources  








The most extensive spodumene reserves are located within Australia, with lithium 
concentrates being refined through Talison Lithium Ltd before being sent to China for 
refinement at Sichuan Tianqi Lithium Industries Inc. Talison controls Greenbushes mine 
site which concentrates the spodumene ore through its beneficiation process. This 
includes using; gravity, heavy media, flotation, and magnetic separation processes to 
improve the grade of the spodumene concentrate.  
Meanwhile, Galaxy Resources Ltd 1993 also recovered spodumene ores from its Mt 
Cattlin deposit. This mine site then sends its lithium concentrate to China to produce 
lithium carbonate in its Jiangsu plant. Here the spodumene concentrate is decrepitated 
from its alpha to beta form at 1,070 to 1,090°C, before being roasted with sulphuric acid 
at 250°C and then water leached at 90°C. This acid process extracts lithium into solution 
while impurities are excluded by adding sodium hydroxide at pH of 12. In doing so, 
additives of iron, aluminium, magnesium and calcium are removed as hydroxides. The 
lithium is then concentrated by using ion exchange on the purified leach liquor followed 
by carbonation to precipitate lithium carbonate from the lithium-rich solution. This 
overall process produced a 99.5% lithium purity product that’s battery grade along with 
by-products of sodium sulphate. (T. Tran & V. Luong 2015) 
Lithium Corporation of America; 1956 – 1998, also produced lithium carbonate by its 
plant also following the acid-roast process. Meanwhile, Nemaska Lithium Inc’s plant 
development at the Whabouchi deposit in Canada has also applied a modified acid-roast 
process. Here lithium hydroxide monohydrate and lithium carbonate are produced by 
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adding an electro-dialysis component. This module takes the lithium sulphate after it’s 
been purified by precipitation and ion exchange and produces a lithium hydroxide 
solution. In doing so, the solution is evaporated by heating it to concentrate the lithium 
before a crystallisation step is applied to recover the lithium hydroxide monohydrate. (T. 
Tran & V. Luong 2015) 
Spodumene can also be treated with the pressure-leaching process that previously 
described the addition of soda-ash to produce 99.5% battery grade lithium carbonate. The 
caustic pressure leach and sodium compound additives were also effective at recovering 
lithium from spodumene. (T. Tran & V. Luong 2015) 
 
A 7% hydrogen fluoride solution has also been used to extract greater than 90% lithium 
from β-spodumene at 75°C. Here the acid leach process was applied using a solid pulp 
density of 1.82% (w/v). (G. Rosales, M. Ruiz, M. Rodriguez 2014)  
 
Dwyer’s ammonium sulphate roasting of β-spodumene at 150-370°C to form lithium 
fluoride is another effective method for processing this lithium bearing ore. As previously 
mentioned, leaching with sulphuric acid yields lithium sulphate and hydrogen fluoride. 
The lithium sulphate is then hydrolysed at 1,150°C to form lithium hydroxide. (Dwyer 
1957) 
 
The alkaline process is also an effective option for processing α- or β-spodumene where 
the lime roast process occurs.  
 
Spodumene has also been blended with limestone and gypsum for roasting at 1,000 to 
1,150°C. A calcium chloride solution then leaches the ore to release the lithium while 
reducing the carbonates and sulphates in the leach liquor. This produces an impure lithium 
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chloride which once treated to remove the metal contaminates, can then be evaporated to 
yield an 85-90% lithium recovery. (E. Hayes 1950) 
 
The extraction of lithium from spodumene was also patented for the method of 
implementing sodium and potassium salts. This was where β-spodumene is mixed with 
the salts before roasting at 300°C, prior to water leaching to recovery greater than 90% 
lithium recoveries. (T. Tran & V. Luong 2015) 
 
Other additives that can be included within the spodumene ore are chlorides of sodium, 
potassium, calcium, and magnesium. Peterson’s 1959 patent pelletized a mixture of 
muriate, sylvinite and spodumene before roasting at 1,000°C for 20 minutes. The caline 
was then leached in hydrochloric acid at 85°C for 30 minutes prior to being sparged with 
ammonia gas bubbles at a pH of 9. This pH adjustment leads to the iron and aluminium 
impurities being precipitated, prior to filtration followed by heating and cooling the 
filtrate to crystallise and remove the potassium and sodium ions as chloride salts. Sodium 
carbonate is then used in the leach liquor at 90-100°C. This carbonation process is 
followed by filtering and drying at 110°C to produce a lithium carbonate purity of 97.5%.  
 
As previously mentioned Medina and El-Nagger used tachyhydrite for an 87% lithium 
recovery from spodumene. Gaseous compounds have are also used in various patents with 
the roasting of spodumene ores. 
 
The formation of gaseous lithium compounds during thermal treatment of spodumene in 
the presence of additives was also disclosed in several patents. A mixture of calcium 
chloride, calcium carbonate, sand and β-spodumene was roasted at 1,100 to 1,200°C. This 
produced chlorine gas and dust that was then scrubbed to form a chloride solution. 
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Evaporation and cooling steps were used to remove the impurities of the potassium 
chloride and sodium chloride. This purified the solution with 40% lithium chloride and a 
by-product cement residue. (T. Tran & V. Luong 2015) Chlorine gas can also be passed 
through the β-spodumene roast to extract greater than 90% lithium chloride. (W. Dunn 




Before lithium extraction can take place, the lepidolite is first passed through a 
beneficiation process. The benefit of processing lepidolite is that it does not require the 
decrepitating pre-treatment roast that is essential for spodumene. The extraction of 
lithium from lepidolite is mainly achieved with a high concentration of sulphuric acid 
leaching or with a lime additives method. However, this requires more complex 
purification processes along with additional energy. As such, an autoclave method for 
recovering lithium carbonate from lepidolite is also favourable. (Q. Yan, X. Li, Z. Yin, 
Z. Wang, H. Guo, W. Peng, Q. Yan 2012)  
Lepidolite can be pre-roasted at 840 to 880ºC under a water steam atmosphere to ensure 
de-fluorination. This takes between 10 to 40 minutes in an electric tube furnace where the 
mineral structure is transformed to aluminium silicate and leucite. The de-fluorinated 
lepidolite was then ground before being pressure leached at 150ºC within a lime-milk 
autoclave. The overall lithium extraction was reported as 98.9% efficiency under optimal 
conditions. (Q. Yan, X. Li, Z. Yin, Z. Wang, H. Guo, W. Peng, Q. Yan 2012) 
Lithium can also be extracted from lepidolite with sulphate roasting and water leaching. 
The proposed two-stage process was to decompose melanterite to produce sulphur 
dioxide/trioxide gas to control the lithium extraction. A liquid-solid ratio of 1:1 is used to 
leach the calcines and produce a 93% yield.  (V. Luong, D. Kang, J. Anb, D. Daoc, M. 
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Kima, T. Tran 2013) Calcium oxide can also be added to lower the amount of hydrogen 
fluoride from being released. Meanwhile, the sulphur trioxide stream was also patented 
where it was mixed with helium gas in a gas-solid reaction at 800-900°C. The calcines 
were then water leached to extract a 90% lithium recovery. (L. Frevel 1962) Additives of 
sodium sulphate with potassium sulphate, calcium oxide or calcium chloride have also 
been found to recover lithium from lepidolite via roasting. Lithium potassium sulphate is 
formed due to the potassium in the lepidolite ore. This is then heat treated at high 
temperatures for maximum lithium recovery. (Q. Yan, X. Li, Z. Wang, X. Wu, H. Guo, 
Q. Hu 2012) (V. Luong, D. Kang, J. An, M. Kim, T. Tran 2013) 
 
Lepidolite roasting of sodium sulphate and calcium chloride at 880°C produces a calcine 
that can then be water leached to produce lithium-rich liquor with a 94.8% recovery. 
Additions of soda ash will remove calcium while caustic soda eliminates the manganese 
and aluminium impurities. Hydrous sodium sulphate and sodium chloride is precipitated 
after the solution is filtered and cooled, which produces a 92% sulphate and 4% chloride. 
Lithium carbonate is precipitated from the leach liquor after it had been heated to 95 to 
100°C with the addition of sodium carbonate. The purity of this final product was then 
concentrated to greater than 99.5% by washing the lithium carbonate powder before re-
drying it at 120°C. (T. Tran & V. Luong 2015) 
 
In 1903 Schieffelin and Cappon proposed the sulphuric acid leaching of lepidolite. This 
mixture is roasted at 120-340°C for 8.25 hours before being water leached and mixed 
with potassium carbonate to produce lithium carbonate with a 94% lithium recovery. (J. 




Gauguin’s later patent mixed the ore with a 93% concentrated sulphuric acid to initially 
roast at 250 °C for 2 hours and then again at 800 °C for 2.5 hours. Water leaching the 
calcines recovered 88% of the lithium with minor fractions of aluminium. (R. Gauguin 
1961) Meanwhile, Botton recovered 92% lithium by roasting the lepidolite ore with 
mixed 72% sulphuric acid at 165°C for 4 hours before water leaching the calcine. (R. 
Botton 1965) 
 
Lithium chloride can also be extracted from lepidolite by adding chloride salts of alkali 
earth metals. (Hopper 1923) More recently, 93% lithium was recovered from a roast at 
880°C within 30 minutes. The roast mixture consisted of a ratio of 1:0.6:0.4 of lepidolite, 
sodium chloride and calcium chloride. The calcine was then water leached at 60 °C for 
30 minutes with a water-calcine ratio of 2.5:1. (Q. Yan, X. Li, Z. Wang, J. Wang, H. Guo, 
Q. Hu 2012) 
 
95% lithium was recovered when hydrochloric gas was pumped through a furnace while 
it roasted the ore at 910° for 13 hours. The lithium is liberated in gaseous form when 
chloride compounds are included. This produced a mixture of volatilized lithium chloride 
and impurity compounds. The contaminants of aluminium and silicon can then be 
removed by treating the product in a distillation column at 315°C. The lithium chloride 
was then selectively recovered by fractional crystallization and solvent extraction. (G. 
Lof, W. Lewis 1942) 
 
Limestone, water and lepidolite has also been roasted at 900°C for 2 hours, to produce a 
calcine to be immediately water leached for an 80% lithium recovery. The addition of 
lime removed the aluminium precipitates by filtration. The filtrate was then evaporated 
to leave a mixture of hydrous lithium hydroxide and lithium fluoride. This solution was 
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then transformed to lithium carbonate by its concentration through the carbonation 
process. (H. Mazza 1960) Meanwhile, the lithium fluoride was redissolved and then 
followed this same process to produce the lithium hydroxide monohydrate product. 
Alternatively, lime milk causticizing of the lithium carbonate and lithium fluoride would 
produce lithium hydroxide for recycling. (T. Tran & V. Luong 2015) 
 
High purity lithium carbonate can also be produced by de-fluorinating the ore as it is 
roasted in water steam at 860°C. The de-fluorinated calcine product contained aluminium 
silicate and leucite that was then added to lime milk before being pressure leached at 
150°C. Sodium carbonate was then added to remove calcium before filtration crystallised 
the hydrous lithium hydroxide along with lithium carbonate to produce a 98.9% lithium 
extraction. Any solids were redissolved in water, while insoluble lithium carbonate is 
recovered. Carbon dioxide is then sparged through the solution to form impure soluble 
lithium bicarbonate with precipitated contaminates. These crystals were then removed 
before the filtrate was heated to 90°C to separate the carbon dioxide before re-
precipitating 99.9% lithium carbonate purity. (Q. Yan, X. Li, Z. Yin, Z. Wang, H. Guo, 
W. Peng, Q. Yan 2012) 
 
87.5% lithium recovery has also been effective by using a strong acidic cation exchange 
resin. Here previously roasted lepidolite was placed in direct contact for a period of 6 
hours in the presence of water at 100°C. Following the adsorption from the liquor, the 








In 1936, a sulphuric acid leaching method was patented to extract lithium from 
amblygonite. This consisted of initially preheating the mixture to 100-200°C, before 
roasting it at 850°C and then water leaching the calcine. This produced lithium sulphate 
that accounted for 95% of the lithium in the ore. (H. Siegens 1936) 
An earlier patent reported lithium carbonate being recovered from amblygonite by using 
the caustic soda digestion and sulphuric acid leaching methods. Initially sodium 
hydroxide and ore is digested at 93°C for 3 hours. This produces an insoluble lithium-
rich residue in dissolved aluminium phosphate slurry. Phosphoric acid and monosodium 
phosphate are added to the water-wash residue to eliminate any remaining phosphorus 
pentoxide. Lithium sulphate is then produced by sulphuric acid leaching the residue. Lime 
and soda ash are included in the leach liquor to precipitate and remove any aluminium, 
iron and magnesium impurities. Following purification, the soda ash also precipitates the 
final lithium carbonate product with a yield of 83% lithium recovered. (J. Coleman 1935) 
 
Gypsum and lime additives can also be mixed with amblygonite ore for roasting and 
recovery of 97.3% lithium. Here the mixture was calcinated at 950°C within 2 hours 
before being water leached at a liquid-solid mass ratio of 5:1. (L. Kalenowski, S. Runke 
1952) 
 
Gas-solid interactions are also possible for recovering lithium from an amblygonite roast. 
Here the ore is reacted with sulphur dioxide/trioxide in oxygen at 900°C. However this 






Petalite is an abundant source of lithium that is favoured as it produces a low-iron 
concentrate. Sulphuric acid leaching has been most effective with 97.3% recovery of 
lithium from Zimbabwean petalite ores. The powered concentrate was initially pre-
roasted at 1,100°C for 2 hours to convert the petalite to β-spodumene. Concentrated 
sulphuric acid is then mixed in with the calcine before being roasted at 300°C for 1 hour, 
prior to water leaching. The optimal 97.3% lithium yield was obtained by having a liquid-
solid mass ratio of 7.5:1 and leaching for 1 hour at 50°C. The pH is adjusted to between 
5.5 and 6.5 with added limestone to precipitate the iron and aluminium impurities. 
Meanwhile, soda ash and hydrated lime is implemented to eliminate calcium and 
magnesium residues, at a pH of 11 to 12. These contaminants are precipitated and filtered 
from the solution as calcium carbonate and magnesium hydroxide. Sulphuric acid is then 
added to neutralize the pH to between 7 and 8, after the alkali earth metals are removed. 
The lithium-rich liquor is then concentrated by evaporated with residual calcium being 
precipitated and removed. Sodium carbonate is then added at 95 to 100°C to crystallise 
lithium carbonate. The final 99.21% lithium carbonate purity is achieved by hot water 
washing and drying at 250°C. Meanwhile, the by-product of sodium sulphate is recovered 










Since these mineral groups aren’t as economically favoured there are few studies 
available for the extraction of lithium compounds. However, concentrated zinnwaldite 
has been recovered as a by-product from wolfram ores and China clays by magnetic 
separation and froth flotation. Hydro cyclone underflow has also been effective at 
recovering concentrated zinnwaldite. (E. Siame, D. Pascoe 2011) 
Additives of limestone, gypsum, and slaked lime can be mixed in with the zinnwaldite 
ore for roasting to liberate 96% lithium. Here the ore is sintered at 950°C for 1 hour after 
being mixed with calcium sulphate and calcium hydroxide. Potassium carbonate is added 
to remove calcium as a carbonate through filtration while the remaining solution is 
concentrated through evaporation. The calcine is then water leached at 90°C with a liquid-
solid ratio of 10:1. This precipitates out lithium carbonate that is then separated, water-
washed and dried to produce 99% lithium carbonate purity. (J. Jandova, H. Vu, T. 
Belkova, P. Dvoak, J. Kondas 2009) An earlier study used the gypsum additive at 850 to 
975 °C and water leached at 90°C to recover 93% lithium. (L. Kondas, J. Jandova 2006) 
Roasting the concentrate with calcium carbonate, followed by water leaching produced 
recoveries of 90% lithium. Rubidium was also recovered as a by-product from the Czech 
Republic mine.  
 
The lithium recovery was also obtained from the leach liquor by two different methods. 
1. The alkaline leach liquor is converted to a carbonated solution by sparging it with 
carbon dioxide bubbles. This solution is then purified by adjusting the pH to 6.8 
which precipitates the aluminium, silicon and calcium impurities. The filtrate is 
then heated to 90°C to evaporate 75% of the water where residual calcium is 
precipitated before further evaporation produces crystallised lithium carbonate. 
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2. Alternatively, the lithium solvent extraction method uses the extraction agents of 
LIX54 and TOPO before stripping with dilute sulphuric acid. This extracts 97% 
of the lithium from the liquor where further carbonation with potassium 
carbonate further precipitates and purifies the lithium carbonate to 99.5%.  
The lithium carbonate from both procedures was then water-washed, filtered and dried to 
produce a 99.5% pure lithium carbonate product. (J. Jandova, P. Dvorak, H. Vu 2010) 
Siam and Pascoe roasted English zinnwaldite with limestone, gypsum and sodium 
sulphate additives over a range of temperatures of 250-1100°C. The products were then 
pulverised and water leached at 85°C. The preliminary tests had a maximum recovery of 
84% using the gypsum additive at 1,050°C roasting temperature. Meanwhile, it was found 
that sodium sulphate achieved 97% lithium extraction at 850°C roasting. (E. Siame, R. 
Pascoe 2011) 
Another report indicates that zinnwaldite mixed with calcium carbonate powder was 
sintered at 825°C, prior to water leaching at 95°C and precipitation. This produced an 
optimal extraction of 84% for lithium and 91% of rubidium by-product recovery. (H. Vu 
J. Bernardi, J. Jandova, L. Vaculíkova, V. Golias 2013) 
 
An Indian zinnwaldite concentrate was obtained from the beneficiation of wolframite. 
The zinnwaldite was then leached with sulphuric acid leading to a 95% lithium recovery 
with a high proportion of iron. The removal of the iron impurity was largely achieved by 
roasting the ore and sulphuric acid mixture at 700°C before water leaching the calcine. 










Montmorillonite, kaolinite, hectorite are some Nevada low-grade clay minerals that may 
be of economic interest.  Crocker et al. (1988) attempted extractions of lithium by 
implementing multiple reagent roasts to water leaching recoveries. The mixed clay and 
reagents roasts included the use of sulphur dioxide, hydrochloric acid and the limestone-
gypsum roasts. Potassium chloride and calcium carbonate/sulphate additives were also 
included in the roasting mixtures before they were calcined at 800°C for 4 hours. 
However, this was relatively unsuccessful due to the loss of volatile lithium compounds. 
(L. Crocker, R. Lien, J. May, D. Witkowsky, D. Seidel 1988.) Sulphur dioxide gas was 
also undesirable as the leach liquor would then become contaminated by excess 
magnesium and calcium as these compounds are co-extracted during leaching. 
Furthermore, the additional sulphur dioxide required for direct sulphation was unsuitable. 
(L. Crocker, R. Lien, J. May, D. Witkowsky, D. Seidel 1988.) The anhydrous 
hydrochloric additive roast did, however yield a 70% lithium recovery. This yield was 
following a high temperature 80°C leach; however there was significant 80% calcium co-
leached within the recovery. Meanwhile, 80% lithium recovery was reported in another 
procedure where the clay and calcium carbonate mixture was chlorinated by hydrochloric 
acid and roasted at 750°C for 1 hour. (T. Tran & V. Luong 2015) 
Greater than 85% lithium recovery was reported where montmorillonite type clays were 
roasted with potassium chloride and calcium sulphate or calcium carbonate, prior to water 
leaching. The roasting was at 900°C that converted the lithium sulphate from the lithium 
silicates in the clay limestone and gypsum pellets. The following formulas represent the 
formation of lithium sulphate. (L. Crocker, R. Lien 1987) 
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 𝐿𝑖2𝑆𝑖2𝑂5 + 𝑆𝑂2 +
1
2
𝑂2 → 𝐿𝑖2𝑆𝑂4 + 2𝑆𝑖𝑂2 
 
An effective chemical process for treating clays recovered 90% lithium by mixing the ore 
with additives of limestone and gypsum. A mass ratio of 5:3:3 was implemented for the 
clay, limestone and gypsum. This mixture was then roasted at 1,000°C before being water 
leached and carbonated with sodium carbonate. This produced by-product recovery of 
sodium and potassium sulphate salts while the lithium carbonate was purified to 99%. (L. 
Crocker, R. Lien, J. May, D. Witkowsky, D. Seidel 1988.) 
 
The additives of limestone and gypsum were also applied to boron clays which recovered 
an 88% lithium yield. Here the mixture was sintered at 915°C for 110 minutes, prior to 
water leaching at room temperature.  Sodium carbonate was again used to precipitate the 
lithium carbonate from the leach liquor. (A. Buyukburc, G. Koksal 2005) 
 
Dolomite and calcium sulphate was also patented for lithium recovery from hectoritic 
montmorillonite clay. Here 92% lithium extraction was achieved by roasting the mixture 
at 1,000°C for 1 hour, prior to water leaching the calcine at 95°C for 30 minutes. By-
products of sodium and potassium sulphate salts were obtained by evaporation and 
filtration while cooling the leach liquor. Similarly for the final product where the solution 
was treated with electro-dialysis or carbonation to produce lithium hydroxide or lithium 
carbonate. (V. Zbranek 2013) Figure 25 demonstrates the general flow sheet for 





Figure 25: Flow sheet for lithium extraction from clay deposits  
(V. Zbranek 2013) 
Kluksdahl also patented a two-stage process for 66% lithium extraction from hectorite 
montmorillonite clays. Here carbonates or hydroxides of sodium or potassium were pre-
treated before sulphuric acid leaching.  Caustic was slurried with clay ore for 3 hours at 
85°C.  
Following filtration the slurry was then leached with sulphuric acid for 3 hours at a pH of 
1 and a temperature of 85°C. The residue was then heated to 100°C for a further 5 hours 
before cooling. Impurities were then removed by adding lime at a pH of 7 followed by 
soda ash and a pH of 12.  Lithium carbonate was then recovered by carbonating with soda 
ash at a high temperature. (Kluksdahl 1986) 
Egyptian El-Fayoum bentonite clay was also pressure leached in an autoclave where 
sulphuric acid leaching occurred at 250°C. After 1.5 hours, this lead to a 90% lithium 
recovery by evaporating the slurry for a lithium carbonate yield. (Amer 2008) 
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Distin and Phillips applied a similar technique to two samples of granite and pegmatite 
ore. Two samples of granite were sulphuric acid leached at 260°C for 3.5 hours for a 
68.2% and a 55.6% lithium recovery. Meanwhile, a pegmatite sample was pressure-
leached with hydrochloric acid at 90°C within 3.5 hours. This led to a 71.3% lithium 
extraction, however further purification and concentration processes were required as the 
slurry was contaminated with aluminium, iron, calcium and magnesium.  (P. Distin, C. 




Brines are from salars, saline lakes, seawater, oil-field waters, and geothermal brines are 
natural sources of lithium; however the resources of specific economic interest are the 
brines from two salars of northern Chile, south-western Bolivia and north-western 
Argentina. The Salar de Atacama (Chile) and Salar de Uyuni (Bolivia) are dried lake beds 
with closed drainage basin. The salt crust consists largely of sodium chloride deposits 
with sands, clays, and other detritus. Salars in western United States and the Tibetan 
Plateau may also be of economic interest; however have a lower lithium concentration. 
Production of lithium from brines costs 30 to 50% less than processing mined ores. The 
world’s largest producer of 99.5% purity lithium carbonate, lithium hydroxide, and 
lithium chloride is Sociedad Quimica y Minera de Chile, SQM (Chile) that produces 
potassium chloride as a by-product. Rockwood Lithium (previously Chemetall) is another 
major company that operates in Chile and Nevada of USA. 
Various brines contain significant levels of lithium however the methods for processing 
these different sources depends on the character of the brine. Typically these main 
processes include; concentration and flotation of a precipitate to solution purification and 
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product precipitation. As such, lithium extraction from brines most often includes 
evaporation, precipitation, adsorption and ion exchange. (Garret 2004) 
 
Production of lithium from Salar de Atacama brines utilizing solar evaporation for low 
cost processing. This consists of pumping the 0.2% lithium brine solution from the 
drainage basin into a series of cascaded continuous solar evaporation ponds. As the 
solution continues to evaporate, the solution gradually increases in lithium concentration 
as it passes from one pond onto the next. Passing through a series of ponds, first 
precipitates sodium chloride, potassium chloride and other salts until the lithium content 
reaches 6% in solution.  High purity lithium carbonate/chloride can then be recovered by 
processing the solution. For 99.5-99.99%, the magnesium impurities first need to be 
removed. As such, once the solution within the evaporation ponds reaches 4.4% lithium, 
then carnallite (𝐾𝐶𝑙 ∙ 𝑀𝑔𝐶𝑙2 ∙ 6𝐻2𝑂) or bischoffite (𝑀𝑔𝐶𝑙2. 6𝐻2𝑂) starts precipitating. 
At 5.5 to 6.5% lithium concentration then lithium carnallite (𝐿𝑖𝐶𝑙 ∙ 𝑀𝑔𝐶𝑙2 ∙ 6𝐻2𝑂) can 
also precipitate introducing impurities. The contaminated brine can include 6% lithium, 
1-4% magnesium, and 0.5-1% boron. As such, the magnesium and boron needs to be 
selectively removed for production of high purity lithium carbonate/chloride. The boron 
is also detrimental for the production of lithium metal via electrolysis. By-products such 
as gypsum, halite, sylvinite, and carnallite can be recovered; however potash for the 
fertilizer industry and bischoffite for road paving is mainly recovered.  (P. Brown 1993) 
Figure 26 represents the general flow sheet for producing lithium compounds from brines 




Figure 26: Flow sheet for producing lithium compounds from brines and seawater 
(T. Tran & V. Luong 2015) 
 
Nevada’s process also uses solar evaporation to concentrate the lithium content of brine 
solutions. In the simplest case; as the solution flows between cascaded ponds lime is 
added to remove magnesium while sodium carbonate is finally applied to precipitate 
lithium carbonate.  However, if there are significant quantities of impurities other than 
low concentrates of calcium and magnesium, then a more complex pre-treatment would 
Figure 13: Flow Sheet for Producing Lithium Compounds from Brines and Seawater
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be required. Otherwise, there becomes a significant problem where the lithium carbonate 
is co-precipitated with impurities. (Penner 1977) 
 
Meanwhile, at California potash, borax, salt cake, soda ash and di-lithium sodium 
phosphate is recovered through evaporating the brines. Froth flotation is applied to extract 
and concentrate the phosphate where sulphuric acid digestion of the di-lithium sodium 
phosphate produces precipitates of lithium and sodium carbonate. 
 
In cases where the concentration of impurities is high then a significant variation in the 
processing circuit is necessary where ion-exchange or liquid-liquid extraction can be 
applied. Here low-grade brines or brines with significant calcium and magnesium 
impurities can be processed by selective stripping of contaminants. (Penner 1977) 
 
The major drawback with processing brines is that it suffers low recovery efficiency, is 
time consuming and requires water consumption with waste disposal burdens.  
 
 




The composition of a spent lithium ion battery (LIB’s) ranges between manufactures 
however as a general guide the material data sheet from Varta gives a composition of: 
 Carbon (10-30%),  
 LiCoO2 (20-50%),  
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 Electrolyte (10-20%),  
 Cu foil (2-10%),  
 Al foils (2-10%),  
 Steel (50-80%), 
 Polymers (2-10%) (T. Tran & V. Luong 2015) 
 
Figure 27 illustrates the LIB components.  
 
Figure 27: Structure of a lithium ion battery 
(Chemicals 2017) 
As of 2017, there is roughly 3% of LIBs being recycled for its valuable metals recovery. 
However, before these extraction processes can take place, the LIBs initially needed to 
pass through a mechanical treatment. This consists of crushing and physical separation of 
the particular battery components, in particular to recover the black mass which consists 
of the valuable metals of cobalt, nickel, manganese and lithium. Meanwhile, the elements 
like iron and phosphorus are not profitably recycled due to their low market value.  
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Initially, the battery materials are disintegrated and then separated by crushing, sieving, 
magnetic separation, fine crushing, and classification. The metallic particles become 
separated from the waste material through multiple stages of crushing and sieving, while 
the steel casing is removed by magnetic separation. Many companies around the world 
are focused on recycling the LIBs however the recovery of lithium as a valuable metal is 
very limited. Some of the major companies include; 
 Toxco Inc. – Base metals targeted along with producing lithium hydroxide  
 Sony – Incineration followed by hydrometallurgical techniques 
 OnTo – various applications 
 Accurec – various applications  
 
While each company has a different extraction procedure the proposed recycling 
treatments generally consist of the methods listed and displayed with Figure 28. 
 Hydrometallurgical process 
 Pyro-metallurgical process 
 Hybrid process 
 Biological process 
An example of the initial mechanical breakdown of the battery materials was explained 
by Zhang et al. where air and electromagnetic separation took place after crushing and 
sieving the material at different particle sizes.  
 Air separation was effective at greater than 2mm particle size where the 
aluminium casing and separator were recovered. 
 Electrostatic separation was then applied for 0.5 to 2mm where aluminum and 
copper foils and separator were recovered. 
 The remaining particle sizes of between 0.075 to 0.5mm was further ground and 
dry sieved to recover the black mass.  
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- Electrostatic separation of greater than 0.075 mm material was included with 
the second fraction. 
- Flotation to recover the lithium cobalt oxide and graphite was then applied to 
the less than 0.075 mm particle size fraction. (T. Zhang, Y. He, F. Wang, L. 
Ge, X. Zhu, H. Li 2014) 
Ultrasound separation has also been applied to remove the aluminium foil from the black 
mass. This process involved the material passing through an agitated ultrasonic washing 
machine before being sieved.  This allowed the separation and recovery of the separator, 
the casing, the aluminium and copper foils along with the valuable black mass. (J. Li, R. 
Zhao, X. He 2009) 
 




3.6.2.1.1 Hydrometallurgical Process  
After the LIBs have been discharged and dismantled then the materials can be placed 
through hydrometallurgical processes like; leaching, solvent extraction, precipitation and 
ion exchange.  
Lithium and cobalt has been separated and recovered by a hydrometallurgy technique 
where the cobalt is initially leached followed by a liquid-liquid extraction for recovery. 
Lithium carbonate was then precipitated from the raffinate after it was concentrated and 
treated with sodium carbonate. The product was then recovered by filtration and produced 
an 80% yield of the initial lithium. (P. Zhang, T. Yokoyama, O. Itabashi, T. Suzuki, K. 
Inoue 1998) 
Alternatively, the electrode materials could be place in an isobutyl alcohol/water biphasic 
routine where the lithium metal is mildly oxidised. This system is demonstrated within 
the following reaction; 
 2𝐿𝑖 + 2𝐻2𝑂 → 2𝐿𝑖𝑂𝐻 + 𝐻2 
 
The reaction is heated and carbon dioxide bubbles are sparged through the solution to 
precipitate the lithium carbonate from the lithium hydroxide solution.  
 
The lithium can also be recovered from the sulphate leach liquors by using PC-88A for 
solvent extraction. Here 99.6% of the nickel was extracted in two counter current stages. 
Meanwhile, the loaded organic was also scrubbed to release a yield of 99.6% lithium 
recovery.  (V. Nguyen, J. Lee, J. Jeong, B. Kim, B. Pandey 2015) 
 
Another option to recover lithium is to use oxalic acid to leach the metal from the lithium 
cobalt oxide. This chemical extraction method has had difficulties in the selective 
recovery, from the use of mineral acids like; sulphuric or nitric acid leaching. Usually 
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both the lithium and cobalt are co-leached producing problems for separation. As such, a 
weak oxalic acid lixiviant at low pH has been proposed to be more efficient at selective 
leaching the lithium ions. This process had a selective 90% lithium recovery with less 
than 1% of cobalt leaching. Meanwhile, sodium carbonate could be added to the raffinate 
to precipitate the remaining lithium carbonate. (C. Lee, J. Sohn, K. Rhee 2004) 
 
Leaching of lithium cobalt oxide is difficult as the chemical bonds between the cobalt and 
oxygen are extremely strong. As such, adding a reducing agent like hydrogen peroxide 
will promote the cobalt oxide dissolution by generating oxygen and reducing the 
𝐶𝑜3+ 𝑡𝑜 𝐶𝑜2+. Ultimately, adding hydrogen peroxide as a reducing agent increases the 
cobalt and lithium leaching efficiencies. This is demonstrated within the following 
reactions where different leaching acids are applied: 
 
 𝐿𝑖𝐶𝑜𝑂2 + 1.5𝐻2𝑂2 + 1.5𝐻2𝑆𝑂4 → 𝐶𝑜𝑆𝑂4 + 0.5𝐿𝑖2𝑆𝑂4 + 3𝐻2𝑂 + 𝑂2 
 2𝐿𝑖𝐶𝑜𝑂2 + 𝐻2𝑂2 + 6𝐻𝐶𝑙 → 2𝐶𝑜𝑂2 + 2𝐿𝑖𝐶𝑙 + 4𝐻2𝑂 + 𝑂2 
 2𝐿𝑖𝐶𝑜𝑂2 + 𝐻2𝑂2 + 6𝐻𝑁𝑂3 → 2𝐶𝑜(𝑁𝑂3)2 + 2𝐿𝑖𝑁𝑂3 + 4𝐻2𝑂 + 𝑂2 
 
The inclusion of hydrogen peroxide has been established as an effective reducing agent. 
Reported 40% cobalt and a 75% lithium recovery without the hydrogen peroxide were 
jumped to a leaching efficiency of 99% for both metals, in a nitric acid leach.  (P. Zhang, 
T. Yokohama, O. Itabashi, T. Suzuku, K. Inoue 1998) Another experiment confirms this 
as it reported that the recovery of cobalt increased from 50% to 100% with the addition 
of hydrogen peroxide. (G. Dorella, M. Mansur 2007) 
 
Organic reducing acids like; citric acid, malic acid, ascorbic acid, oxalic acid, and 
glucose, can also be used as a reducing agent in the leaching reactions. Here glucose was 
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added with an excess of 50% and sulphuric acid for leaching. This produced leaching 
efficiencies of 98% for both lithium and cobalt.  This is demonstrated within the following 
reaction where the hydrogen peroxide has been swapped for glucose. (F. Pagnanelli, E. 
Moscardini, G. Granata, S. Cerbelli, L. Agosta, A. Fieramosca 2014) (G. Granata, E. 
Moscardini, F. Pagnanelli, F. Trabucco, L. Toro 2012) 
 
 24𝐿𝑖𝐶𝑜𝑂2 + 36𝐻2𝑆𝑂4 + 𝐶6𝐻12𝑂6 → 24𝐶𝑜𝑆𝑂4 + 12𝐿𝑖2𝑆𝑂4 + 6𝐶𝑂2 + 42𝐻2𝑂 
 
Ammonium oxalate has also been used to precipitate and recover 96% of the cobalt, while 
the remained was recovered by cyanex 272 at a 1:1 organic to aqueous ratio.  Sodium 
carbonate was then added to precipitate lithium carbonate for an 80% lithium recovery. 
Cobalt oxalate can then be added to produce to produce fresh lithium cobalt oxide.  
 
Solvent extraction with saponified cyanex 272 at a pH of 5.5 to 6.0 has been used to 
separate cobalt and nickel. 98% cobalt was recovered by a single stage using 1.5 M 
Cyanex 272, a pH of 5 and an organic to aqueous ratio of 1.6:1. Following the solvent 
extraction there was subsequent three-stage lithium scrubbing with sodium carbonate. 
(J. Kang, G. Senanayake, J. Sohn, S. Shin 2010) 
 
94% of rare earth elements were recovered from batteries by precipitation as sodium rare 
earth double sulphates. Copper sulphate formation allowed copper to be recovered from 
adding 10% Acorga M5640 at a pH of 1.7. Cyanex 272 at a pH of 5.1 to 5.3 or 6.3 to 6.5 
allowed recovery of cobalt and nickel. (J. Nan, D. Han, M. Yang, M. Cui, X. Hou 2006) 
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The Dowex IX resin has separated nickel from lithium while 15% Cyanex 272 in 
kerosene has separated cobalt from nickel and lithium. (Y. Pranolo, W. Zhang, C. 
Cheng 2010) 
 
3.6.2.1.2 Pyro-metallurgical Process  
Graphite and organic compounds used as binders are generally removed by thermal 
treatment to prevent problems with leaching and solid-liquid separations. One method has 
been a two-stage pre-treatment of heating the black mass to 150°C for 1 hour prior to 
crushing and sieving the material. Following this, a second roast occurs at 700 to 900°C 
where the higher temperature burns off the carbon and binder by incineration at roughly 
800°C. (C. Lee, K. Rhee 2002) 
Paulino et al. established two methods. The first was where potassium bisulphate has also 
been mixed with the cathodic material at a ratio of 8 or 9:1 and melted at 500°C for 5 
hours. Water was then used to leach the melt at 90°C within 1 hour.  The second process 
was where the material was immediately calcined at 500°C for 5 hours and then water 
leached. The problem with the carbon content was that it acted as an adsorbent for lithium 
ions. As such, it was established that removing the carbon would increase the lithium 
extraction. (J. Paulino, N. Busnardo, J. Afonso 2008) 
The black mass has also been leached with sulphuric acid and hydrogen peroxide prior to 
being incinerated at 900°C and afterwards. It was found that aluminium particles would 
obstruct leaching due to the black mass becoming covered. As such, the leaching 
efficiency was notably lowered after incinerating the sample. However, after an extended 
roast at 700°C for 5 hours, this removed the organic material and binder. (Shin SMS, Kim 




Another study confirmed that incinerating black mass at 300, 500, and 700 °C for 1 h can 
remove the organic compounds. This led to an improved cobalt leaching efficiency 
compared to unroasted sample. (T. Tran & V. Luong 2015) 
 
Pyrolysis at an optimised temperature of 600°C in a nitrogen atmosphere was also found 
to be effective at decomposing the organic compounds and separating the aluminium foil 
from the black mass. (L. Sun, K. Qiu 2011) 
 
3.6.2.1.3 Hybrid Process  
Meanwhile, thermal pre-treatment at 500°C followed by flotation has also been effective. 
Here the roast alters the hydrophobic properties of the particles to become hydrophilic. 
In doing so, the lithium cobalt oxide and graphite float with the assistance of a kerosene 
collector and a methyl isobutyl carbinol frother. This combined approach led to a 92% 
lithium cobalt oxide recovery with 93% purity. (Y. Kim, M. Matsuda, A. Shibayama, T. 
Fujita 2003) 
 
Xstrata in Canada and Umicore of Belgium applies a hybrid process where pyro-
metallurgy and electrowinning are combined to handle all kinds of batteries, including 
LIBs. However, the recovery of lithium remains rare with this method. Other hybrid 
processes have also been applied that include mechanical pre-treatments with hydro and 
pyro-metallurgical processes to extract lithium. (T. Maschler, B. Friedrich, R. Weyhe, H. 
Heegn, M. Rutz 2012) 
 
Chlorine gas, bromine and iodine are oxidising agents that have been used in chemical 
extraction of lithium from lithium cobalt oxide. It was found that chlorine gas has a strong 
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oxidising power that can dissolve a considerable amount of lithium. (R. Gupta, A. 
Manthiram 1996) 
 
Chemical extraction of lithium from the battery electrode material for lithium ion metal 
oxides was achieved by stirring 𝐿𝑖𝑀𝑂2 powders in an acetonitrile solution of 𝑁𝑂2𝐵𝐹4. 
The leaching reaction is demonstrated as follows, with the molar ratio of  𝐿𝑖𝑀𝑂2: 𝑁𝑂2𝐵𝐹4 
as 1:2: 
 
 𝐿𝑖𝑀𝑂2 + 𝑁𝑂2𝐵𝐹4 → 𝐿𝑖1𝑥𝑀𝑂2 + 𝑥𝑁𝑂2 + 𝑥𝐿𝑖𝐵𝐹4 
 
The lithium tetra-fluoroborate was then removed by washing the product with acetonitrile 
under argon. The time required for recovery was found to decrease with an increase in 
cobalt content. Meanwhile, an increase in nickel content requires a longer time period for 
extraction.   (S. Venkatraman, J. Choi, A. Manthiram 2004) 
 
Acidic leaching has also been applied to the spinal phase 𝐿𝑖1+𝑥𝑀𝑛2−𝑥𝑂4−𝛿. Sulphuric 
acid and water leaching was applied along with bromine/acetonitrile extracting solvent. 
The lithium and hydrogen ion exchange was also established at being effective at lithium 
recovery. (P. Endres, A. Ott, S. Sack, A. Jager, H. Mayer, H. Praas, K. Brandt 1997) 
 
 
3.6.2.1.4 Biological Process  
Acidithiobacillus ferrooxidans are chemolithotrophic and acidophilic bacteria that have 
shown effectiveness at bioleaching metals. This bacterium produces sulphuric acid and 
ferric ions by using sulphur and ferrous ions as an energy source. These metabolites 
dissolve the spent battery metals where cobalt was bioleached faster than the lithium ions. 
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The dissolution yield was show to decrease due to higher ferrous concentrations as there 
was co-precipitation of the metals with ferric ions in the residue. The metal dissolution 
was also affected by a higher solid to liquid ratio as an increase in concentration limited 
the cell growth. The addition of A. ferrooxidans increased the recovery from 20% cobalt, 
5% lithium to 65% cobalt and 9% lithium, via lithium cobalt oxide at a pH of 2.5 and 
solid-liquid ratio of 5:1. (D. Mishra, D. Kim, D. Ralph, J. Ahn, Y. Rhee 2008) 
 
Bioleaching of lithium cobalt oxide electrodes varies significantly with the composition 
of the media and metal. Cobalt dissolution occurs by acid leaching and redox reactions of 
the iron and sulphur ions, while the lithium is bioleached due to the bio-generation of 
sulphuric acid. (B. Xin, Z. Zhang, X. Zhang, Y. Xia, F. Wu, S. Chen 2009) However, bio-
metallurgical processes have been applied to recover metals with the advantages of low 
costs and low operational demands.  
 
 
3.7 Lithium Metal Production 
 
Lithium oxide, lithium chloride, lithium hydroxide and lithium carbonate are the feed 
stocks that are produced around the world. To produce lithium metal from these 
compounds requires either electrolysis or thermal reduction.  
Initially, in 1818 lithium was isolated from lithium oxide by an electrolysis method. 
However, the first commercial production of lithium was in 1923 by the company 
Metallgesellschaft AG in Germany. This plant used a eutectic molten mixture of lithium 
chloride and potassium chloride in an electrolysis reaction. This aimed to lower the 
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corrosion of the graphite anode while decomposing the lithium chloride to form lithium 
metal in the electrolytic cell. (Balnear 2013) The reactions are demonstrated as; 
 
 𝐴𝑡 𝑎𝑛𝑜𝑑𝑒: 𝐶𝑙− → 0.5𝐶𝑙2 + 𝑒
− 
 𝐴𝑡 𝑐𝑎𝑡ℎ𝑜𝑑𝑒: 𝐿𝑖+ + 𝑒− → 𝐿𝑖 
 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑐𝑒𝑙𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 𝐿𝑖𝐶𝑙 → 𝐿𝑖 + 0.5𝐶𝑙2 
 
Electrowinning lithium carbonate, lithium chloride-lithium oxide or lithium chloride-
lithium carbonate can also produce lithium. The electrolytic process with lithium 
carbonate also forms carbon, carbon monoxide/dioxide. (W. Kruesi, D. Fray 1993) (J. 
Hur, C. Seo, S. Hong, D. Kang, S. Park 2004) 
Redox reactions recovered lithium from its compounds and these thermo/electrochemical 
reductions to produce lithium metal are listed below in Table 2. (G. Kipouros, D. 
Sadoway 1998) 
 
Table 2: Reactions for production of lithium by thermochemical or electrochemical 
reduction  





Lithium carbonate, calcium oxide and aluminium oxide have been pelletized and roasted 
at 800°C for 2 hours. The removed product consisted of a lithium aluminate calcine which 
was then pressure briquetted with added aluminum powder. This was then reduced by 
being roasted at 1,150°C for 3 hours in a vacuum. Overall, this vacuum alumina-thermic 
reduction process liberated 95% of the lithium as gas to be collected by a condenser. (Y. 
Di, Z. Wang, S. Tao, N. Feng 2013) The reactions occurring were as follows; 
 
 𝐿𝑖2𝐶𝑂3 + 𝐴𝑙2𝑂3 → 2𝐿𝑖𝐴𝑙𝑂2 + 𝐶𝑂2 
 3𝐿𝑖𝐴𝑙𝑂2 + 2𝐶𝑎𝑂 + 𝐴𝑙 → 3𝐿𝑖(𝑔) + 2(𝐶𝑎𝑂. 𝐴𝑙2𝑂3) 
 
A thermal decomposition of lithium carbonate was also done with a ferrosilicon-
aluminum alloy reductant (28.83% aluminum and 41.10% silicon) to extract the lithium 
as lithium oxide. Following this, the lithium oxide was roasted at 1,000°C for a 3 hour 
reduction period that led to a 95.26% lithium recovery. (Y. Di, W. Dong, N. Feng 2010) 
 
Another method mixed lithium carbonate with calcium oxide to produce a lithium oxide 
calcine. Iron silicide was then mixed with the calcine prior to it being roasted at 970-
1,025°C. This reaction liberates the lithium in its gaseous form and occurs within the 
following reactions. (W. Morris, L. Pidgeon 1958) 
 
 𝐿𝑖2𝐶𝑂3 → 𝐿𝑖2𝑂 + 𝐶𝑂2 
 2𝐿𝑖2𝑂 + 2𝐶𝑎𝑂 + 𝑆𝑖 → 4𝐿𝑖(𝑔) + 2𝐶𝑎𝑂𝑆𝑖𝑂2 
 
A mixture of silicone, aluminium and calcium oxide has been used in roast-reduction 
vacuum tests at 950-1,300°C to produce lithium metal from its carbonate and fluoride salt 
forms. (W. Kroll, A. Schlechten 1947) This occurred as follows:  
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 3𝐿𝑖2𝑂 + 𝐶𝑎𝑂 + 2𝐴𝑙 → 6𝐿𝑖(𝑔) + 𝐶𝑎𝑂. 𝐴𝑙2𝑂3 
 4𝐿𝑖𝐹 + 4𝐶𝑎𝑂 + 𝑆𝑖 → 4𝐿𝑖(𝑔) + 2𝐶𝑎𝐹2 + 2𝐶𝑎𝑂. 𝑆𝑖𝑂2 
 6𝐿𝑖𝐹 + 4𝐶𝑎𝑂 + 2𝐴𝑙 → 6𝐿𝑖(𝑔) + 3𝐶𝑎𝐹2 + 𝐶𝑎𝑂. 𝐴𝑙2𝑂3 
 
 
3.8 Major Lithium Producers 
3.8.1 Tianqi Lithium 
 
Sichuan Tianqi became the global spodumene leader with its 2013 acquisition of Talison 
making it one of the top four largest lithium producers in the world. Talison is the 
Greenbushes project that is a joint venture that is owned by 51% Tianqi and 49% 
Albemarle. Talison has a total capacity of 750ktpa spodumene concentrates.  
Tianqi has operations in upper and middle streams of the lithium industries which are; 
1. The Australian Greenbushes mine produces concentrated spodumene ore for 
market 
2. This spodumene concentrate is then shipped to China factories for processing into 
the lithium derivative compounds. 
With the 2014 acquisition of Zhangjiagang processing factory from Galaxy Resources, 
Tianqi has become the largest lithium processor in China, with its other Shehong plant. 
Tianqi operates these two processing plants in China and has a capacity to process 
34.8ktpa of lithium compounds. Tianqi has also invested $400 million in the development 
of a lithium processing plant in Western Australia that will have a capacity to produce 
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24ktpa of lithium hydroxide. (M. Hocking, J.Kan, P.Young, C.Terry, D. Begleiter 2016) 
Figure 29 illustrates Tianqi’s global assets. 
 
 
Figure 29: Tianqi’s Assets  




Albemarle is a US based company that specializes in lithium compounds, bromine 
derivatives, catalysts and surface treatment chemicals.  In 2015, this company acquired 
Rockwood Lithium and became a global producer of lithium compounds. This subsidiary 
controls two resource bases being the Salar de Atacama in Chile and Silver Peak of 
Nevada in the US. The Chilean deposit has a government contract to extract 75ktpa 
however capacity was at 24ktpa in 2015 while the Silver Peak deposit has a capacity of 
6ktpa. Albemarle also owns a 49% stake in Greenbushes mine site in Western Australia 
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to produce spodumene which has a capacity of 55-60ktpa. (M. Hocking, J.Kan, P.Young, 
C.Terry, D. Begleiter 2016) 
 
 
3.8.3 Sociedad Quimica y Minera (SQM) 
 
SQM is a fertilizer and chemicals producer that extracts brine from the Salar de Atacama 
in Chile. This company has a reserve base of 6.2Mt LCE however is contracted to produce 
an LCE limit of 959kt between 1993 and 2030. Currently SQM produces 40ktpa with an 
overall capacity of 48ktpa. Salar del Carmen plant is used to produce potassium chloride 
and lithium as a by-product. An addition 20ktpa will occur due to SQM’s joint venture 
with Lithium Americas Corporation (LAC) for the Argentinian Caucharí-Olaroz lithium 
resources. Figure 30 presents SQM’s current process flow sheet. (M. Hocking, J.Kan, 
P.Young, C.Terry, D. Begleiter 2016) 
 
Figure 30: SQM’s lithium production process  
(M. Hocking, J.Kan, P.Young, C.Terry, D. Begleiter 2016) 
 
121 
3.8.4 Food Machinery Corporation (FMC) 
 
FMC is a US-based chemical manufacturing company that extracts lithium brine from the 
Salar del Hombre Muerto (SHM) in Argentina. The Salta plant produces lithium 
carbonate and lithium chloride in Argentina before shipping the products to North 
America, China, India and the UK. FMC has a current LCE capacity of 18ktpa however 





Orocobre is another company that extracts lithium from the Salar de Olaroz and has a 
capacity of 17.5ktpa. Olaroz is estimated to be around 10% of global lithium supply in 
2016 with greenfield phase two expansions planned. (M. Hocking, J.Kan, P.Young, C.Terry, 
D. Begleiter 2016) 
 
 
3.8.6 Other Producers 
 
Chinese Producers 
China has various lithium reserves that produced an estimated 17.7ktpa in 2015 from its 
brine, spodumene and lepidolite resources. This combined capacity would be from the 
salt lakes in Qinghai, spodumene from Xinjiang and Sichuan resources and lepidolite 
from Jiangxi province. (M. Hocking, J.Kan, P.Young, C.Terry, D. Begleiter 2016) 
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Zimbabwe – Bikita Minerals 
The Bikita deposit has lithium, tin and caesium rich pegmatite ores with an estimated 
168kt LCE reserve. The Bitika lepidolite resource is mostly exhausted but also contains 
spodumene, petalite and amblygonite ores.  The current production is 4.5ktpa LCE. (M. 
Hocking, J.Kan, P.Young, C.Terry, D. Begleiter 2016) 
Democratic Republic of Congo – Manono-Kitolo 
This mine site is the world’s biggest pegmatite hosted resource of cassiterite, columbo-
tantalite and lithium. 180kt of cassiterite has been mined with remaining deposits 
allowing high tonnages of spodumene and columbo-tantalite. (M. Hocking, J.Kan, 
P.Young, C.Terry, D. Begleiter 2016) 
Portugal - Sociedade Mineira de Pegmatites 
The Guarda district of Portugal has lepidolite-rich aplite-pegmatite veins for lithium 
extraction where 1.8kt LCE was extracted in 2009. However expansion plans are 
unknown. (M. Hocking, J.Kan, P.Young, C.Terry, D. Begleiter 2016) 
Brazil 
Three companies produce lithium minerals in Brazil, these include; 
1. Companhia Brasileira de Litio which supplies spodumene concentrates with a 
capacity of 2ktpa LCE. 
2. Arqueana de Minérios e Metals Ltda which produces spodumene, petalite, and 
lepidolite concentrates at various mines in Araçuaí and Itinga. 
3. Companhia Industrial Fluminense (CIF) which will recover tantalite and lithium 
from a 21Mt resource at Mibra. (M. Hocking, J.Kan, P.Young, C.Terry, D. 
Begleiter 2016) 
Combined, these global lithium production companies are estimated to recover the 




Figure 31: Lithium supply from existing, committed and greenfield projects  
(M. Hocking, J.Kan, P.Young, C.Terry, D. Begleiter 2016) 
 
3.9 Committed Projects 
There have been three major lithium projects coming online due to the rise in lithium 
value and demand. These committed projects have been; 
 The Mt. Cattlin spodumene development is a joint venture between 50% Galaxy 
Resources and 50% General Mining. With the rise in lithium value this mine is 
coming back online with the Life of mine being 17 years with a capacity of 13ktpa 
LCE. 
 The Mt. Marion spodumene venture is controlled by 43% Mineral Resources, 
43% Jianxi Ganfeng and 13% Neometals. This project is projected to have a 
capacity of spodumene concentrate equivalent to 27kt LCE. 
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 Albemarle’s approval for expanding with a second lithium carbonate plant in La 
Negra, Chile, that will improve their lithium extraction by 45kt LCE. (M. 
Hocking, J.Kan, P.Young, C.Terry, D. Begleiter 2016) 
 
 
3.10 Next Wave of Projects 
 Pilbara Minerals has a Pilgangoora lithium-tantalite project with an 8.6Mt 
resource base of 1.01% lithium oxide that is being brought back into focus due to 
the increase in lithium value. This has 80Mt at 1.26% lithium oxide and a maiden 
reserve of 29.5Mt at 1.31% lithium oxide. This reserve could bring a capacity of 
43ktpa LCE along with production of a tantalite concentrate. 
 Altura Mining (AJM) also has a Pilgangoora lithium deposit in Western Australia 
that has an estimated annual return of 215kt at 6% lithium oxide spodumene 
concentrate. AJM has an 18.5Mt reserve with a 14 year lifeline and a processing 
plant designed to handle 1.4Mtpa of lithium ore producing 6.5% lithium 
concentrate. 
 Enirgi, owned by the Sentient Group has a Salar del Rincon lithium rich brine 
reserve in Argentina. Enirgi is in collaboration with Australian Nuclear Science 
and Technology Organisation (“ANSTO”) for a new process development that 
allows lithium to be extracted from raw brine. This method uses natural gas and 
lime to extract the lithium without requiring evaporation ponds. The estimated 
production capacity of 50ktpa LCE from a 7.9Mt LCE reserve. 
 The Cauchari-Olaroz expansion by SQM and Lithium Americas for a 40ktpa 
lithium carbonate operation 
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 Galaxy Resources merging with Lithium One allowed the acquisition of the Salar 
de Vida project in 2012. This is estimated to produce 25ktpa of lithium carbonate 
and 95ktpa of potash products over a 40 year lifetime. 
 Nemaska Lithium has a hard rock lithium deposit in Whabouchi, Canada with 
processing of spodumene into lithium compounds. The planned capacity will be 
27.5ktpa of lithium hydroxide and 3.2ktpa of lithium carbonate. 
 POSCO in Argentina has planned to build a lithium processing plant at Pozuelos 
salt lake to produce 2.5kt of greater than 99% lithium carbonate purity. POSCO’s 
method claims to significantly reduce the brine extraction time period.   
 Rio Tinto’s Jadar lithium-borate project in Serbia has a lower zone containing 
125Mt of 1.8% lithium oxide and 18Mt of borates. Meanwhile the upper and 
middle zones contain 80 Mt of 1.5% lithium oxide reserves. (M. Hocking, J.Kan, 
P.Young, C.Terry, D. Begleiter 2016) 
These projects have been based on the following lithium price forecast presented in Figure 
32.  
 
Figure 32: Lithium compound price forecast  
(M. Hocking, J.Kan, P.Young, C.Terry, D. Begleiter 2016) 
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3.10.1 Process Flow Diagrams  
The following Figures 33, 34, 35 and 36 provide examples of the process flow diagrams 
that are implemented at various lithium mineral processing plants. (M. Hocking, J.Kan, 
P.Young, C.Terry, D. Begleiter 2016) 
 
 
Figure 33: Pilgangoora process flow diagram  






Figure 34: Altura Mining –Pilgangoora process flow diagram  
(M. Hocking, J.Kan, P.Young, C.Terry, D. Begleiter 2016) 
 
Figure 35: Nemaska Lithium – Process flow diagram 




Figure 36: Salar de Vida – Process flow diagram  
(M. Hocking, J.Kan, P.Young, C.Terry, D. Begleiter 2016) 
 
3.11 Conclusions and Recommendations 
 
Lithium has sound physical properties that have made this element the crucial component 
in developing the battery chemistry to power the transportation and energy storage 
sectors. As time passes, the lithium battery has become promising with extensive research 
developing its capacity. With this increase in demand, the long term availability of lithium 
has become questionable with this elements value sky rocketing. The increase in value 
Figure 23: Salar de Vida - Process Flow Diagram
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has amplified incentive for investment in recovering and producing the lithium 
compounds.  
The objective of this thesis has been to illustrate this rise in supply and demand while 
detailing how various companies have customised their extraction procedures. The global 
economy has encapsulated the fundamental principles behind a range of lithium 
separation and recovery techniques. The centre of this article has been to detail the various 
process options for retrieving and concentrating lithium oxide before producing the 
various lithium derivatives for market. This in-depth description has evaluated the major 
processing techniques applied to various mineral and clay ores, alongside brine deposits.  
Lithium reserves require being processed differently due to the various crystal structures 
and elements present within the ores or brine solutions. Each contaminant needs to be 
removed to obtain a pure lithium product for market. However, each impurity requires a 
different elimination procedure. As such, various journal articles and patents have been 
reviewed to present the optimised methods of handling these different economic ores, 
clays and brines. The recent procedures for breaking down the LIBs and recycling its 
valuable components have also been defined along with the production of lithium metal.  
The final part of this article, portray the major companies that are producing lithium 
derivatives. This consisted of briefly reviewing several existing, committed and 
greenfield project proposals. In doing so, this provides not just the elements properties 
and uses but also the global production levels and a picture of where the lithium market 
stands within these driving incentives. 
Overall, the extraction technology is well developed for pegmatite ores however a 
reduction in the operating costs is desirable, in particular with dropping the energy 
expense from pre-roasting the spodumene and petalite ores. Lithium Australia has very 
recently patented the use of halogens to recover lithium from ores and claims to not 
require this pre-roasting stage. This would significantly reduce the operating expense; 
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however very little information is publicly available. Meanwhile, brine deposits are much 
cheaper to process; however, require a year to recover suitable lithium concentrations. As 
such, further developments like Enirgi and ANSTO’s method of passing gas through the 




















Appendix B Program of Study 
Chapter 4 Program of Study 
4.1 Introduction 
This Program of Study section was intended as a planning activity for developing a 
laboratory procedure and report outline. In an attempt at reducing the overlap of planned 
and actual procedures, this section has been summarised, where possible, while 
presenting only the critical information. It should be noted that this was a summarised 
planning assessment as part of the background information and was completed prior to 
beginning the practical laboratory work. This was a summarised activity, not requiring a 
formalised submission, however played an important part in training for the laboratory 
procedures. It was designed to pull together the key ideas within the literature review  and 
develop a plan for the practical laboratory component. 
 
Autoclave pressure leaching is a process that can be used to extract lithium from 
pegmatite ore bodies, like; spodumene. This apparatus allows the leaching process to 
utilize elevated temperatures and pressures to improve the recovery of the lithium 
compounds. The pressure leaching process occurs as a major part of the following 
procedure. Initially, the ore is crushed, before mixing its particles with water to create a 
slurry, prior to preheating it. This hot slurry is then pumped into a pressure chamber called 
an autoclave, where it is mixed with alkali reagents or acids. This slurry and acid mixture 
is then agitated within the chamber to increase the rate of reaction at a higher temperatures 
and pressures. After a reaction time, the mixture is then allowed to return to normal 
temperature and atmospheric pressure. The slurry is then removed, the solids and liquids 
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are separated before further precipitation treatments. The main benefit of the autoclave 
system is that its increased pressure improves the solubility rate of solids and increases 
the speed of dissolution into the leach solution. There is also the potential of gaining a 
greater product purity. Meanwhile, some of the challenges of using the autoclave system 
are equipment corrosion, autoclave level control - 75% full, operating and maintenance 
procedures, plant availability and the energy requirements for large-scale operations. 
 
4.1.1 Aims 
The aims of this laboratory experiment will be to investigate alternative processes for the 
extraction and recovery of lithium from spodumene ores. In particular, the pre-treatment 
roast will not be included, and instead substituted for a low-cost flotation option. This 
will involve direct hydrometallurgical treatments to establish the optimal parameters of 
grind size, temperature, reagent type, dosage and feed variability. In establishing these 
parameters, their influence on the extraction process will be determined. Once the optimal 
conditions are defined, for processing spodumene, then these same conditions will be 
applied to lepidolite and petalite ore samples. In doing so, a comparison of the three 
minerals will illustrate the degree of variability in recoveries and reaction kinetics. This 
hydrometallurgical approach will be that of an autoclave leaching procedure that will be 
applied for a variety of acidic and caustic solutions.  
4.1.2 Objectives 
For the acid and caustic leaching processes: 
 The effect of temperature will be determined on rate of lithium extraction. 
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 These temperature test will be concurrently run alongside reagent variability. The 
reagent type will be compared to illustrate its effect on the rate of lithium recovery 
into solution. 
 The favoured temperature and reagent will then be applied for varying reagent 
concentrations and pulp densities. This will determine the optimal dosage for lithium 
removal or to alter the silicate crystal structure. 
Overall, this variation in parameters will establish how effective the design process is. 
This will identify the preferred conditions for extracting lithium compounds from 
spodumene ores. These optimal conditions will then be applied to process lepidolite and 
petalite ore samples. In doing so, data will be collected for a comparison or recoveries 
and kinetics study. This will evaluate the behaviour of these common lithium minerals, 
while exploring their interaction with these optimal extraction conditions.  
4.2 Experimental 
4.2.1 Equipment Items 
 Acidic and caustic autoclaves 
 Stirred ball mill  
 Buchner vacuum filter and filter papers  
 Pulveriser 
 Sample bags 
 Drying trays 
 Oven set to  70°C 
 50 ml, 100ml and 250ml sample vials, flasks and beakers 
 Eh and pH meters (and buffers 7 and 4) 
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 5 mL pipette and bulb 
 50 or 25 mL Burette 
4.2.2 Materials 
Lithium ore 
 A 6% spodumene concentrate has been collected from Greenbushes 
 A lepidolite, petalite and Zinnwaldite concentrate may be obtained 
4.2.3 Reagents 
 Sulphuric acid - 98% 𝐻2𝑆𝑂4 
 Soda Ash - Sodium Carbonate - 𝑁𝑎2𝐶𝑂3 
 Sodium Sulphate - 𝑁𝑎2𝑆𝑂4 
 Sodium hydroxide - 𝑁𝑎𝑂𝐻  
 Slaked lime - Calcium hydroxide - 𝐶𝑎(𝑂𝐻)2 
 Distilled water - 𝐻2𝑂 
 Lime - Calcium oxide - 𝐶𝑎𝑂 
 Carbon dioxide - 𝐶𝑂2 
 Deionised water 
 Or 
 𝐿𝑖𝑚𝑒𝑠𝑡𝑜𝑛𝑒 + ℎ𝑒𝑎𝑡 = 𝐶𝑎𝑙𝑐𝑖𝑢𝑚 𝑂𝑥𝑖𝑑𝑒 + 𝐶𝑎𝑟𝑏𝑜𝑛 𝐷𝑖𝑜𝑥𝑖𝑑𝑒 
 𝐶𝑎𝐶𝑂3 + ℎ𝑒𝑎𝑡 = 𝐶𝑎𝑂 + 𝐶𝑂2 
 Sodium chloride – 𝑁𝑎𝐶𝑙 
 Calcium chloride – 𝐶𝑎𝐶𝑙2 




4.2.4 Potential Hazards & Toxicity 
Lithium Hazards and Toxicity 
Lithium is highly flammable and has a high reactivity with water which produces 
flammable gases that can ignite spontaneously. Lithium may ignite or explode upon 
contact with moist air. Lithium is light sensitive, needs to be protected from moisture and 
handled under inert gas.  
Lithium may be harmful if ingested, inhaled, or absorbed through the skin. It can cause 
skin and eye burns and can be extremely destructive to the upper respiratory tract. Lithium 
may cause pulmonary edema and cause digestive tract irritation with burns. It is extremely 
destructive to the tissue of the mucous membranes. Lithium may cause chemical 
conjunctivitis, corneal damage, kidney and lung damage or have central nervous system 
effects. 
 
Sulphuric Acid Hazards and Toxicity 
Sulphuric acid is non-flammable but reacts violently with water – potential for spitting 
acid. Sulphuric acid is extremely corrosive to all body tissues, causing rapid tissue 
destruction and serious chemical burns.  Sulphuric acid decomposes at high temperatures 
and produces toxic gases. Skin or eye contact requires immediate first aid. Sulphuric acid 
reacts with most metals when diluted with water. This can form flammable hydrogen gas, 
which may create an explosion hazard. The acid can react with combustible materials to 
generate heat and ignition. It is highly toxic to aquatic organisms and plant life. 
 It is extremely corrosive to all body tissues 
 Causes severe chemical burns on contact with the skin or eyes 
 May cause respiratory irritation 
 May cause damage to teeth through prolonged exposure to sulphuric acid mists 
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 Fatal if inhaled 
 May be corrosive to metals 
 Potentially carcinogenic to humans 
 Harmful to aquatic life 
Sodium Carbonate Hazards and Toxicity 
Anhydrous sodium carbonate is a non-flammable powder that is potentially hazardous to 
the skin, eyes and lung, causing irritation. If the sodium carbonate is heated then it will 
emit 𝑁𝑎2𝑂 fumes. Sodium carbonate can ignite and burn fiercely in contact with fluoride 
and it can react explosively with red-hot aluminium metal. Sodium carbonate and 
ammonia in arabic gum solutions will explode. 
 The substance may be toxic to upper respiratory tract, skin and eyes 
 Do not ingest or breathe dust 
 Avoid contact with skin and eyes 
 Keep away from incompatibles such as acids 
 
Sodium Sulphate Hazards and Toxicity 
Sodium sulphate is a non-flammable solid that is a hazardous irritant to the skin, eyes 
and if ingested or inhaled. At a temperature of 800 C, sodium sulphate and aluminium 
will explode. Keep away from incompatibles such as oxidizing agents or metals. Use 
ventilation.  
 Sodium sulphate reacts violently with magnesium 
 
Sodium Hydroxide Hazards and Toxicity 
Sodium hydroxide pellets are non-flammable and very hazardous as a corrosive irritant 
to the skin and eyes. It should not be ingested or inhaled. The amount of tissue damage 
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depends on the length of exposure. Severe over-exposure can produce lung damage, 
choking, unconsciousness or death. Sodium hydroxide is slightly explosive when heated. 
 Sodium hydroxide is toxic to lungs 
 Varying degree of respiratory irritation or lung damage 
 Can produce organ damage 
 can produce eye irritation 
 can produce local skin destruction 
 
Calcium Hydroxide Hazards and Toxicity 
 Very hazardous irritant or corrosive for eye contact  
 Hazardous irritant in case of skin contact  
 Non-flammable 
 Alkaline hydroxides boiled with phosphorus yields mixed phosphines, which may 
ignite spontaneously in air. 
 Corrosive to eyes and skin 
 Eye contact can result in corneal damage or blindness 
 Inhalation of dust will produce irritation to gastro-intestinal or respiratory tract, 
characterized by burning, sneezing and coughing 
 Severe overexposure can produce lung damage, choking, unconsciousness or death. 
 Alkalis penetrate skin slowly, extent of damage depends on the duration of contact 
 
Calcium Oxide Hazards and Toxicity 
Calcium oxide is a non-flammable crystalline solid that is a very hazardous irritant to the 
skin, eyes and if digested or inhaled. This material is corrosive to the eyes and the amount 
of damage depends on the length of exposure.  Severe overexposure can produce lung 
damage, choking, unconsciousness or death.  
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 Eye contact with calcium oxide can cause corneal damage or blindness  
 Calcium oxide reacts violently with chlorine Trifluoride producing flames 
 
Chlorine Gas Hazards and Toxicity 
 
Chlorine gas is an oxidizer that may cause or intensity fires and may explode if it is heated. 
Chlorine causes severe skin burns and eye damage. It is fatal if it is inhaled and is 
corrosive to the respiratory tract. Chlorine is very toxic to aquatic life.  Very short 
exposure can cause death or serious injury even with medical attention. Danger! Toxic, 
corrosive and a high-pressure gas 
 
4.2.5 Remedy Options 
Hierarchy of Risk Control 
 Elimination 
 Substitution 
 Engineering controls 
 Procedural controls 
 Personal protective equipment 
Unfortunately, due to the nature of these laboratory procedures there will remain a level 






Lithium should be used in a closed system under a chemical fume hood or in a glove box. 
Lithium should be handled under argon gas. Dilute sulphuric acid should be used. Keep 
acids away from alkalis. Ensure proper ventilation.  
 
Procedural Controls 
 Ensure temperature gauge is manually put in place 
 The MSDS for all chemicals must be read prior to starting experiments. 
 Ensure venting fan is operating 
 When a liquid is heated in a closed vessel, dangerous pressures can suddenly develop 
if there is not enough free space to accommodate the expanding fluids. 
 Runaway reactions can significantly increase the temperature of the slurry 
 Liquid expansion increases rapidly at higher temperatures 
 Liquid expansion is small – 4% at 100oC,  
 Liquid expansion is 15% at 200oC 
 Liquid expansion is 40% at 300oC 
 Sufficient operating volume must always be left available  
- At least 25% free space is recommended  
 The pressure rating of the autoclave should never be exceeded 
 Pressure increases exponentially with increasing temperature 
 Sudden rises in temperature can also be caused by unexpected reactions 
 Discharging autoclave is a potential source of burns 
 Belt guards need to be in place for mechanical agitators.  
 Ensure fouling of the agitators internal mechanisms doesn’t take place 
 All valves need to be  in good working condition 
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 Caution needs to be taken when mechanical valves are operated 
 Relief valves should be pressure tested regularly and valves should be replaced 
periodically. 
 The autoclave should be enclosed with adequate ventilation 
 When cleaning titanium components make sure the oxide coating is not removed 
 
Personal Protective Equipment (PPE) 
 Respirator Protection – Use a full-face respirator  
Use respirators under any of the following situations: 
 As a last line of defense  
 If there is a possibility for the Permissible Exposure Limit (PEL) to be exceeded 
 All colleagues require the use of a respirator 
 Without PEL, there is potential for harmful exposure with contaminated air 
 Wear PPE to clean-up a chemical spill  
 If sulphuric acid mists are generated and cannot be controlled 
 Lab personnel must be trained in respirator use   
 Hand Protection: The lithium bearing material should be handled with gloves, 
preferably nitrile gloves. 
 Eye Protection: Tight fitting safety glasses/goggles that are ANSI approved. Face 
shields are also recommended. 
 Skin and Body Protection: Wear a flame resistant lab coat, long pants and closed 
shoes. Preferably made from antistatic materials 
 Hygiene Measures: Wash hands immediately after handling the lithium products and 
before breaks. Avoid contact with skin, eyes and clothing.  
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 Ventilation: Use adequate ventilation to maintain the concentration of sulphuric acid 
aerosol mists below recommended occupational exposure limits. 
 
The following PPE is required at all times when the autoclave is being operated: 
 Steel capped safety boots  
 Safety glasses 
 Full face shield 
 Gloves (leather or PVC) 
 Acid resistant apron 
 Long pants 
 Long sleeved shirt 
 
4.2.6 Risk Assessment 









Table 4: Likelihood Table 
 
Table 5: Risk Assessment Rating 
 
Table 6: Risk Matrix 
 




4.2.7 Experimental Procedure 
The following factors will influence the rate of reaction and the extent of the lithium 
dissolution. Depending on the procedure the effects of different parameter conditions 
could include; 
 Pulp density or liquid-solid ratio 
 Sodium/lithium ratio 
 Agitation speed 
 Particle size 
 Reaction temperature, time and pressure 
 Concentration of reagents - sulphuric acid, sodium/calcium hydroxide and 
sodium/calcium carbonate 
General Autoclave Operation 
The 3.8L autoclave has a maximum mass of slurry of 2.5 kg. The sulphur mass in the 
solids should not exceed 70g. 
i. Preparation of Feed 
 Place the autoclave reaction vessel in a 5L plastic beaker on a tared balance scale. 
Weigh the required mass of milled concentrate in the vessel. Add sufficient water to 
give a slurry mass of 2,250g. It should be about 1.5L of water. The slurry is then 
mixed by the agitator, to ensure homogeneity before the Eh and pH are recorded. Add 
required amount of reagents and record the pH and Eh again. Take the vessel to the 
autoclave and assemble. 
Sulphuric Acid concentration must not exceed 50 g/l at ambient temperature or 5 g/l at 
105°C. Acid may generate more heat than the cooling system can control. Perform an 
acid consumption test to determine the required amount. The acid is added via an acid 
injection bomb. 
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ii. Pre-Start Checks 
 Check oxygen pressure in bottles is 4,500 kPa  
 Adjust the pressure of the regulator inside the autoclave room to the required pressure. 
 Check maintenance schedule for any upkeep that needs to be completed soon. 
 Complete autoclave log and starting checklist. 
 Make sure the water tap is on. 
 Check that the area is clean and tidy. 
 Operator logs are in the autoclave room and must be filled in prior to startup of the 
autoclave.   
 The autoclave is sealed and check fittings are secure. 
 All valves are closed except for the cooling water and the thermocouple has been 
inserted in the thermo-well. 
 
iii. Heating 
 Once the autoclave has been assembled, turn on the unit. 
 Set the temperature to the required temperature  
 Turn on the motor and set speed dial to two. 
 Make sure the heater is set on two.  
 Once the set temperature has been reached, the oxygen is added and maintained at 
1,000 kPa throughout the test 
 
iv. Starting the Test 
 Once the required temperature is reached, turn the motor speed dial to 4 
 Pressurize the autoclave by opening the valves between the autoclave and the regulator, 
starting at the regulator and opening the valve at the AC last. 
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 Usually at T=0 a sample needs to be taken as soon as the autoclave is pressurized. Take 
this sample through the sample bomb. 
 The test should run at 225°C and 4,000 kPa 
 
v. Monitor Samples 
 Samples of 100-150g are collected into a plastic sample containers at allocated 
intervals 
 The slurry temperature exceeds the boiling point of water 
 Full PPE must be worn when taking sample 
 Care must be taken 
 
 The samples should be weighed and then filtered in a Buchner vacuum filter. The 
solution should be taken into a sample vial. The solids should be dried in a 70°C oven 
overnight. 
 The Eh and pH of the solution are recorded and the specific gravity must be 
determined for each sample’s solution. 
 Titrations are also taken to determine the free acid, ferrous, pH, Eh and specific 
gravity. 
 The solutions should then be submitted to the assay lab for the required elements.  
 Once the solids are dried and pulverized, they should also be weighed and submitted 
to the assay lab for the required elements. 
 
vi. Cooling and Termination 
 After the test time of usually 3 hours, stop the addition of oxygen by closing the gas 
inlet valve, starting at the AC and working your way up to the regulator, and change 
the heating set point to ~25°C. Turn the motor dial to two. 
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 Make sure bleed valve is slightly open, to start depressurising slowly. This valve 
should only be open slightly because the autoclave needs to be cool before it is fully 
depressurised. Alternatively stop the bleed and depressurised once cool. 
 Once the temperature is less than 80°C, the autoclave can be bled fully. 
 The autoclave can now be disassembled. 
 
vii. Disassembling the Autoclave 
 Once the autoclave has cooled to below 35°C and depressurized start removing all 
connections (gas inlet, cooling water, etc.). 
 Remove the clamps by loosening the nuts. Take off the head and rinse the agitator 
into a bucket. Rinse the sample bomb into the same bucket. This wash will need to be 
filtered with the final slurry after the final liquor has been taken. 
 Weigh the vessel on the 15 kg scale. The final slurry can now be filtered. 
 
8. Filtration 
 Prepare the filter press for filtering by placing fresh filter paper at the bottom of the 
drum and closing the drum. 
 Pour the final slurry mixture through a funnel into the top of the filter press. When 
this is done, close the inlet. This ensures that the system is air-tight. 
 Open the air inlet valve to pressurise the system. 
 Filtrate comes out of the outlet tubing connected to the filter press.  Discard what 
initially comes out and then collect the filtrate in a labelled sample bottle.  
 Wash out any remaining residue from the autoclave reactor with water and pour the 
mixture into the filter press. 
 When filtration is complete, the outlet tubing connected to the filter press blows out 
air instead of filtrate. 
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 At this point, turn off the air inlet valve and open the gas release valve to depressurise 
the system. 
 Wash the filter cake with at least one bed volume of pH 1.5 water. 
 Open the filter press and remove the filter cake that is left on the filter paper. Be sure 
to remove any filter cake stuck to the sides of the drum.  
 Place the filter cake in the oven for drying and record the weight of the dry solid. 
Sulphuric Acid Leaching Autoclave Process 
The high efficiency of the sulphuric acid process has made it the favoured method for the 
production of lithium carbonate. Here the autoclave process can be utilised to reduce the 
major drawbacks of high levels of sulphate, heavy metal ions contaminating products and 
requiring a sophisticated process for recovering the sodium sulphate.  
𝑺𝒖𝒍𝒑𝒉𝒖𝒓𝒊𝒄 𝑨𝒄𝒊𝒅 (𝑯𝟐𝑺𝑶𝟒), 𝐒𝐨𝐝𝐢𝐮𝐦 𝐒𝐮𝐥𝐩𝐡𝐚𝐭𝐞 (𝑵𝒂𝟐𝑺𝑶𝟒),  
𝑺𝒐𝒅𝒂𝑨𝒔𝒉/𝑺𝒐𝒅𝒊𝒖𝒎 𝑪𝒂𝒓𝒃𝒐𝒏𝒂𝒕𝒆(𝑵𝒂𝟐𝑪𝑶𝟑), 𝑪𝒂𝒓𝒃𝒐𝒏 𝒅𝒊𝒐𝒙𝒊𝒅𝒆 (𝑪𝑶𝟐) 
𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑠 
𝐿𝑖𝑡ℎ𝑖𝑢𝑚 𝑠𝑢𝑙𝑝ℎ𝑎𝑡𝑒 (𝐿𝑖2𝑆𝑂4), 𝑙𝑖𝑡ℎ𝑖𝑢𝑚 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 (𝐿𝑖2𝐶𝑂3), lithium bicarbonate (LiHCO3) 
 The α-spodumene first needs to be transformed to the β-spodumene form by roasting 
it at 800 to 1,150°C. This changes the density and crystal structure that allow the 
lithium ions to be more readily leached from the material. 
 The calcine is then finely crushed before the ore is treated with concentrated 𝐻2𝑆𝑂4 
at 200 to 300°C 
 This produces 𝐿𝑖2𝑆𝑂4 that is then water leached from the slurry.  
 Above 300°C the lithium yield drastically reduces 
 Improved yields can be gained by ensuring the β-spodumene calcine is finely ground 
and is treated with concentrated 𝐻2𝑆𝑂4 under pressure.  
If the following conditions are met then α-spodumene can also give significant recoveries 
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 80 to 100% of ore needs to be ground down to less than 44 microns. 
 Stack losses are not a problem, if the ore is not roasted 
 𝐻2𝑆𝑂4 concentration should be 94%, or down to 25% if preferred 
 𝐻2𝑆𝑂4 loss to vaporisation is not a problem as the autoclave heat treatment is within 
a closed vessel.  
 If the ore contains 1 to 2% of lithium oxide then small amounts of 25 to 50% by 
weight of acid is required. 
 If the lithia is 4 to 6% then 100% or more of 𝐻2𝑆𝑂4 is required  
 Water can also be used to provide even distribution through the powdery mass and to 
produce slurry.  
 Slurry should contain 60% of solids or less with about 30-40% acid or more 
 0.3 to 4% added 𝑁𝑎2𝑆𝑂4 increases the slurry fluidity and thereby aids in the recovery.  
 In this circumstance, the ore and acid should be heated to between 250 and 500°C, 
under pressures of 50 to 2,000 psig. 
 The reaction rate should increase as the pressure rises 
 The autoclave process should take between 30 minutes to 4 hours 
 Once the mixture has cooled, the lithium sulphate liquor is leached, purified and 
treated to recover lithium carbonate.  
 Robinson patent claims a recovery of 96% lithium. (Robinson 1961) 
 𝑁𝑎2𝐶𝑂3 can then be added to remove the impurities of Fe and Al at pH of 6-7 
 𝐿𝑖2𝐶𝑂3 can then be precipitated by using 𝑁𝑎2𝐶𝑂3  
The β-spodumene has cation exchange properties, strictly for 𝐿𝑖+ and 𝐻+ ions and is 
subject to attack by acid as follows: 
 𝐿𝑖𝐴𝑙𝑆𝑖2𝑂6 + 𝐻2𝑆𝑂4 →→ 𝐿𝑖2𝑆𝑂4 + 𝐴𝑙2𝑂3𝑆𝑖𝑂2 + 𝐻2𝑂 
 𝐿𝑖2𝑆𝑂4 + 𝑁𝑎2𝐶𝑂3 →→ 𝐿𝑖2𝐶𝑂3 + 𝑁𝑎2𝑆𝑂4 (P. Choubey, M. Kim, R. Srivastava, J. 
Lee & J. Lee 2016) 
 
149 
𝑺𝒖𝒍𝒑𝒉𝒖𝒓𝒊𝒄 𝑨𝒄𝒊𝒅 (𝑯𝟐𝑺𝑶𝟒) 𝒂𝒏𝒅 𝑺𝒐𝒅𝒂 𝑨𝒔𝒉/𝑺𝒐𝒅𝒊𝒖𝒎 𝑪𝒂𝒓𝒃𝒐𝒏𝒂𝒕𝒆(𝑵𝒂𝟐𝑪𝑶𝟑) 
 β-spodumene is mixed with a 𝑁𝑎2𝐶𝑂3 solution and autoclaved at elevated 
temperature and pressure. 
 The leaching is conducted at temperature ranges of 190 - 235ºC 
 The autoclave was cooled by circulating cold water 
 Mixture is removed and place into a reactor with an agitator  
 Liquid-to-solid ratio is 8 
 𝐶𝑂2 gas is sparged through the slurry for carbonation 
 Agitated for 120 min at a flow rate of 0.5 l/min 
 Converts 𝐿𝑖2𝐶𝑂3 into LiHCO3 
 Slurry is filtered 
 Residue is washed with dilute 𝐻2𝑆𝑂4 solution and distilled water 
 β-spodumene is inactive to 𝐻2𝑆𝑂4 at room temperature 
 The LiHCO3 rich filtrate was heated to 90°C for 120min to drive off the 𝐶𝑂2. 
 Slurry is then filtered and 𝐿𝑖2𝐶𝑂3 recovered 
 Analysed by atomic absorption spectroscopy and by inductively coupled plasma 
analysis determines impurities content. 
 The high investment in the autoclave machine and the operating costs are the 
drawbacks for using this type of leaching facility.  (Y. Chen, Q. Tian, B. Chen, X. 




Figure 37: Eh-pH Diagrams for 𝑳𝒊-𝑺-𝑯𝟐𝑶 and 𝑳𝒊-𝑪-𝑯𝟐𝑶 systems at 25°C 
(P. Choubey, M. Kim, R. Srivastava, J. Lee & J. Lee 2016) 
 
Figure 38: Sulphate process for the recovery of Li from spodumene  





Caustic Autoclave Process – Option 1 
The process will involve a caustic pressure leach of β-spodumene through decrepitation 
at high temperature and pressure. The caustic autoclave process can vary depending on 
which base is used. This caustic test will be directed at producing a high purity lithium 
carbonate product by using the following reagents and procedure. 
𝑺𝒐𝒅𝒂 𝑨𝒔𝒉/𝑺𝒐𝒅𝒊𝒖𝒎 𝑪𝒂𝒓𝒃𝒐𝒏𝒂𝒕𝒆(𝑵𝒂𝟐𝑪𝑶𝟑), 
  𝑺𝒍𝒂𝒌𝒆𝒅 𝒍𝒊𝒎𝒆/𝑪𝒂𝒍𝒄𝒊𝒖𝒎 𝑯𝒚𝒅𝒓𝒐𝒙𝒊𝒅𝒆 (𝑪𝒂(𝑶𝑯)𝟐),  
𝑪𝒂𝒓𝒃𝒐𝒏 𝒅𝒊𝒐𝒙𝒊𝒅𝒆 (𝑪𝑶𝟐), 𝑳𝒊𝒎𝒆 (𝑪𝒂𝑶) 𝒂𝒏𝒅 𝑺𝒐𝒅𝒊𝒖𝒎 𝑯𝒚𝒅𝒓𝒐𝒙𝒊𝒅𝒆 (𝑵𝒂𝑶𝑯) 
𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑠 
 𝑙𝑖𝑡ℎ𝑖𝑢𝑚 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 (𝐿𝑖2𝐶𝑂3), calcium carbonate (𝐶𝑎𝐶𝑂3), 
lithium bicarbonate (LiHCO3), Lithium hydroxide (LiOH), sodium hydroxide (NaOH) 
 
 Transform into β-spodumene by heating at 1,100 to 1,150°C.  
 Mild crushing of the β-spodumene  
 The β-spodumene is then mixed with aqueous 𝑁𝑎2𝐶𝑂3 and 𝐶𝑎(𝑂𝐻)2 in an autoclave 
under pressures of 14.7 to 250 psi at 250 – 300°C. 
 The leaching has also been conducted at temperatures of 180 – 260°C and between 
100 to 200 °C. 
 𝐶𝑂2 is then sparged through the leach liquor to selectively precipitate 𝐿𝑖2𝐶𝑂3 and 
𝐶𝑎𝐶𝑂3 through a solid-liquid separation. 
 Sparging the slurry with 𝐶𝑂2 gas can also leach out LiHCO3 at a pH of 6 – 8.  
 The 𝐶𝑂2 improves the lithium solubility in an initial bi-carbonation step to form 
soluble LiHCO3. 
 The slurry is then treated with 𝐶𝑎𝑂 to precipitate the Fe, Mg and Ca impurities. 
 After purification there is the solid–liquid separation procedure 
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 The filtrate containing LiHCO3 is heated to 90°C to release 𝐶𝑂2 which is recycled and 
precipitates 𝐿𝑖2𝐶𝑂3. 
 This allows a high-purity battery grade (99.5%) 𝐿𝑖2𝐶𝑂3 to be recovered from the 
solution 
 LiOH and NaOH are also produced and recycled by residual lithium being causticised 
by 𝐶𝑎𝑂/𝐶𝑎(𝑂𝐻)2 
 These products are recycled as leachants in the digestion stage 
1) 2[𝐿𝑖𝑂𝐻] + 𝐶𝑂2 →→ 𝐿𝑖2𝐶𝑂3 + 𝐻2𝑂 
2) 𝐿𝑖2𝐶𝑂3 + 𝐻2𝑂 + 𝐶𝑂2 ↔ 2[𝐿𝑖𝐻𝐶𝑂3] 
3) 2[𝐿𝑖𝐴𝑙𝑆𝑖2𝑂6] + 𝑁𝑎2𝐶𝑂3 →→ 𝐿𝑖2𝐶𝑂3 + 𝑁𝑎2𝑂 ∙ 𝐴𝑙2 ∙ 𝑂3 ∙ 4𝑆𝑖𝑂2 ∙ 𝐻2𝑂 
4) 𝐿𝑖2𝐶𝑂3 + 𝐻2𝑂 + 𝐶𝑂2 ↔ 2[𝐿𝑖𝐻𝐶𝑂3] 
5) 𝐿𝑖𝐴𝑙𝑆𝑖2𝑂6 + 𝐶𝑎𝑂 + 𝐻2𝑂 →→ 𝐿𝑖𝑂𝐻 + 𝐶𝑎𝐴𝑙2𝑆𝑖2𝑂8 
6) 2 𝐿𝑖𝑂𝐻 +  𝑁𝑎2𝐶𝑂3  →→  𝐿𝑖2𝐶𝑂3  +  2 𝑁𝑎𝑂𝐻 
(P. Choubey, M. Kim, R. Srivastava, J. Lee & J. Lee 2016) 
Note: The pre-treatment roasting will not occur in this experiment. Instead, α-
spodumene will be directly treated to extract the lithium carbonate.   
 
Summary 
 An 𝑁𝑎2𝐶𝑂3 autoclave process for production of 𝐿𝑖2𝐶𝑂3 from spodumene is proposed 
and the results of investigation on this process will be presented.  
 The main objective is to determinate the optimal conditions to prepare high purity 
𝐿𝑖2𝐶𝑂3 from a β-spodumene concentrate.  
 This 𝑁𝑎2𝐶𝑂3 pressure leaching option has produced battery-grade 99.5% 𝐿𝑖2𝐶𝑂3. 




 Another study found that a -150 mesh product, 𝐶𝑎(𝑂𝐻)2 and 𝐻2𝑂 were digested with 
mild agitation at 194 to 204°C for 2 hours 
 Same procedure can be followed without the 𝑁𝑎2𝐶𝑂3 to produce a LiOH rich solution 
within 2 hours, that gives a 90% lithium recovery. 
 Sodium silicates, sodium borates and sodium sulphides could also extract the lithium 
through pressure leaching of spodumene ores. 
(P. Choubey, M. Kim, R. Srivastava, J. Lee & J. Lee 2016) (Y. Chen, Q. Tian, B. 
Chen, X. Shi, T. Liao 2011) (F. Margarido, N. Vieceli, F. Durão, C. Guimarães & C. 
Nogueira 2014)  This process is demonstrated within Figure 39 below.  
 
Figure 39: Alkali process for the recovery of Li from spodumene 
(P. Choubey, M. Kim, R. Srivastava, J. Lee & J. Lee 2016) 
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Caustic Autoclave Process – Option 2 
𝑺𝒐𝒅𝒊𝒖𝒎 𝑪𝒉𝒍𝒐𝒓𝒊𝒅𝒆 (𝑵𝒂𝑪𝒍), 𝑪𝒂𝒍𝒄𝒊𝒖𝒎 𝑪𝒉𝒍𝒐𝒓𝒊𝒅𝒆 (𝑪𝒂𝑪𝒍𝟐) 
𝑪𝒂𝒍𝒄𝒊𝒖𝒎 𝒉𝒚𝒅𝒓𝒐𝒙𝒊𝒅𝒆 (𝑪𝒂(𝑶𝑯)𝟐) 
Since chlorine leaching is only effective at high temperatures of 880 to 1,100°C, it is 
assumed that chlorine gas will not be used within this caustic autoclave process.  
Potential reactions: 
 𝐿𝑖𝐴𝑙𝑆𝑖2𝑂6 + 𝑁𝑎𝐶𝑙 +  𝐻2𝑂 =  𝑁𝑎𝑂𝐻 +  𝐿𝑖𝐶𝑙 +  𝐴𝑙𝑆𝑖2𝑂6  +  𝐻 
Since production of hydrogen would become dangerous at high temperature and 
pressure, it is assumed that this reaction is to be avoided. Alternatively; 
 𝐿𝑖𝐴𝑙𝑆𝑖2𝑂6 + 𝑁𝑎𝐶𝑙 + 𝐶𝑎𝐶𝑂3 +  𝐻2𝑂 =  𝐿𝑖𝐶𝑙 +  𝑁𝑎𝐴𝑙𝑆𝑖2𝑂6  + 𝐶𝑎(𝑂𝐻)2 + CO2 
 
1. 𝐿𝑖𝐴𝑙𝑆𝑖2𝑂6 + 𝑁𝑎𝐶𝑙 = 𝐿𝑖𝐶𝑙 +  𝑁𝑎𝐴𝑙𝑆𝑖2𝑂6 
2. 𝐶𝑎𝐶𝑂3 + 𝐻2𝑂 =  𝐶𝑎(𝑂𝐻)2 + 𝐶𝑂2 
3. 2𝐿𝑖𝐶𝑙 +  𝐶𝑂2 + 𝐻2𝑂 = 𝐿𝑖2𝐶𝑂3 + 2𝐻𝐶𝑙 
4. 2𝐻𝐶𝑙 + 𝐶𝑎(𝑂𝐻)2 = 𝐶𝑎𝐶𝑙2 + 2𝐻2𝑂 
 
 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 =  𝑁𝑎𝐴𝑙𝑆𝑖2𝑂6 + 𝐿𝑖2𝐶𝑂3 + 𝐶𝑎𝐶𝑙2 + 2𝐻2𝑂 
 𝑁𝑎𝐶𝑙 + 𝐻2𝑂 =  𝑁𝑎𝑂𝐻 +  𝐻𝐶𝑙 
The following equilibrium equations demonstrate the extraction of lithium; 
 𝐿𝑖2𝑂 ∙ 𝐴𝑙2𝑂34𝑆𝑖𝑂2 + 2𝑁𝑎𝐶𝑙 + 2𝐻2𝑂 ↔↔ 𝑁𝑎2𝑂 ∙ 𝐴𝑙2𝑂3 ∙ 4𝑆𝑖𝑂2 ∙ 2𝐻2𝑂 +
2𝐿𝑖𝐶𝑙 
To recover the lithium chloride from the leach liquor can be achieved by a solvent 
extraction method. Here, n-butanol has been used as a solvent and distilled water as a 
stripping agent to produce a 99.9% pure lithium chloride recovery. 
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Ammonium chloride and calcium chloride can also be used to sinter the lithium-bearing 
ore at 750°C. Again the lithium is converted to lithium chloride which can then be water 
leached to recover 98% lithium. A mixture of calcium chloride and sodium chloride is 
beneficial over either agent as its combined lower melting point increases the fluidity of 
the chloride melt. . This improves the connection between the chlorinating agent and ore 
surface to increase the rate of diffusion. Salt roasting with 𝑁𝑎2𝑆𝑂4 + 𝐶𝑎𝐶𝑙2 followed by 
water leaching has been effective with Lepidolite where greater than 90% recovery after 
roasting at 830°C. (Q. Yan, X. Li, Z. Wang, X. Wu, H. Guo, Q. Hu, W. Peng, J. Wang 
2012) 
4.2.8  Research Test Work Plan 
The autoclave procedure has been planned to initially be completed using 50g of sulphuric 
acid in 450g of water to leach lithium from 100g of spodumene at 7.00% lithium oxide 
content. This test was planned to be run for 2 hours at a temperature of 150°C.  
This laboratory procedure has been guided towards using a variety of hydroxide alkali 
metals to recover lithium. The initial acid leach was designed to demonstrate a 
comparison between the recoveries achieved from both acid and alkali solutions.  
The remainder of the testing methods would vary the operating parameters to leach the 
lithium from its ores with calcium hydroxide, sodium hydroxide and potassium 
hydroxide. The general autoclave procedure is designed to be followed for the alkali 
testing with the following details as a general guide. 
 1L litre autoclave capacity – Only to 75% capacity 
 Constant stirring speed of 200 rpm 
 The 100g ore samples will be individually leached in a calcium hydroxide, sodium 
hydroxide and potassium hydroxide solution. These will each be diluted with 
water. 
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 Constant pre-determined temperature 
 The initial and final samples will be tested for Eh and pH readings 
 Overall 2 hour leaching period 
 Rapidly cooled by water circulation 
 Solid-liquid separation 
 Residue and lithium-liquor is analysed by X-ray diffraction and Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS) analysis for crystal structure and 
lithium content. 
 Leads to Arrhenius plot – Ln[Concentration] against 1/time 
The rate of lithium extraction is determined as the slope of the linear part of the curve 
representing the dissolved lithium concentration as a function of time, using a linear 
regression analysis method. The final report intended to analyse the laboratory results to 
indicate the level of success in recovering lithium from its ores by alkali leaching.  













Table 8: Preliminary Balance Sheet 
 





Current Assets Current liabilities
Cash $ 0 Notes payable $ 0
Petty cash 0 Accounts payable 401
Temporary investments 37 Wages payable 5
Accounts receivable - net 0 Interest payable 0
Inventory 2 Taxes payable 0
Supplies 367 Warranty liability 76
Prepaid Insurance 76 Unearned revenues 0
Total Current Assest 482 Total current liabilities 482
Investments 0 Long-term liabilities
Notes payable 0
Property, plant & equip - net Bonds payable 0
Land 0 Total long-term liabilities 0
Land improvements 0
Buildings 0
Equipment 0 Total liabilities 482
Less: accum depreciation 0
Prop, plant & equip - net 0
Intangible assets Stockholders' Equity
Goodwill 0 Common stock 0
Trade names 0 Retained earnings 0
Total intangible assets 0 Accum other comprehensive income 0
Less: Treasurey stock 0
Other assets 0 Total stockholders' equity 0





Required AUD $ AUD$/kg
98% Sulphuric acid - H2SO4 2.5L 107.80 43.12 11.76
Sodium carbonate - Na2CO3 2kg 162.80 27.13 7.40
Sodium sulphate - Na2SO4 500g 48.40 96.80 26.41
Calcium hydroxide - Ca(OH)2 1kg 165.00 55.00 15.01
Sodium hydroxide - 50% sol - NaOH 1kg 61.60 61.60 16.81
Lime - CaO 1kg 147.40 49.13 13.40
Natural gas/CO2 2kg $33.74 33.74 9.21
Total Consumables $726.74 $366.53 100.00
Or
Calcium carbonate - CaCO3 1kg $140.80 70.40
Total Consumables $686.40 $354.05
Consumable
Estimated cost of 
consumables 
Estimated cost of 
consumables 
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Table 10: Summary of Operating Expenses 
 
 
Figure 40: 2016 Global Lithium Cost Curve (LCE) 






Total equipment operation 32.60 6.76
Inventory
Spodumene 6% conc. 0.99 0.20
Lepidolite 0.60 0.12
Petalite 0.72 0.15
Total inventory 2.31 0.48
Supplies
98% Sulphuric acid - H2SO4 43.12 8.95
Sodium carbonate - Na2CO3 27.13 5.63
Sodium sulphate - Na2SO4 96.80 20.08
Calcium hydroxide - Ca(OH)2 55.00 11.41
Sodium hydroxide - 50% sol - NaOH 61.60 12.78
Lime - CaO 49.13 10.19
Natural gas/CO2 33.74 7.00
Total supplies 366.53 76.04
Labour
Hourly labour 2.96 0.61
Salaried labour 0.97 0.20
Miscellaneous 0.67 0.14
Total labour 4.60 0.95
Direct Costs Subtotal 406.04 84.23
Insurance 76.00 15.77
Indirect Costs Subtotal 76.00 15.77





4.2.10 Schedule Items 
Micro Project – Gantt chart criteria 
 Commence project 
 Develop broad plan  
 Conduct preliminary research 
 Prepare literature review 
 Develop detailed lab plan 
 Cost estimation 
 Risk assessment 
 Safety training 
 Pressure leach training 
 Submit literature review – 19/06/17 
 Presentation – overview of lithium industry with laboratory plan – 26/06/17 
 Obtain ore samples and reagent supplies 
 Detail the lab procedure with approvals 
 Begin the high pressure acid leaching autoclave process on spodumene 
 Determine parameters for testing – time, temperature, pressure, reagents and grind 
size 
 Conduct tests and determine optimal conditions 
 Acid test same conditions of lepidolite and petalite for comparison  
 AAS,  X-ray diffraction and safety training 
 Use AAS and X-ray to test composition of final products 
 Detail the lab procedure with approvals 
 Use caustic autoclave leaching – determine parameters & find optimal for spodumene 
 Caustic test same conditions of lepidolite and petalite for comparison  
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 Use AAS and X-ray to test composition of final products 
 Compile results – determine calculations of recovery and graph the kinetic results 
from the reactions 
 Compare the testing procedures based on the lithium recovery, purity and kinetics 
 Prepare a detailed laboratory report with experimental outcomes 
 Prepare the final thesis document by compiling the literature review, laboratory plan, 
laboratory report and findings. 
 Submit the thesis 
 Presentation - detailing the laboratory procedure and outcomes 






Figure 41: Gantt chart schedule (Enlarged Version within Appendix B) 
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4.3 Expected Outcomes and Concluding 
Remarks 
The intended main goals of these laboratory procedures have been to find the optimal 
leaching parameters of temperature, grind size and reagent type and concentration, 
alongside the ore variability. These factors will be utilized to obtain high purity lithium 
carbonate recoveries from the high pressure acid leach and caustic autoclave systems. 
These procedures will focus on: 
 𝐻2𝑆𝑂4 and water leaching the α/β-spodumene followed by 𝐶𝑂2 sparging 
 𝐻2𝑆𝑂4, 𝑁𝑎2𝐶𝑂3 and water leaching the α/β-spodumene followed by 𝐶𝑂2 sparging, 
drying and recovery 
For the caustic autoclave process, near complete extraction can be achieved when the 
pressure leaching solution contains either  
 Sodium and hydroxyl ions, or 
 Sodium, calcium and hydroxyl ions 
These reagents have been focused on rather than the chloride options. The drawback of 
this process is the high investment and operating costs of the autoclave leaching facility. 
The following points of interest were intended to guide the experimental procedure. 
 
Acid Autoclave Process 
 Robinson patent claims a recovery of 96% lithium from α-spodumene (Robinson 
1961) 
 𝑁𝑎2𝐶𝑂3 should be recycled 
 𝐶𝑎(𝑂𝐻)2 may be needed to remove Fe, Al, Mg and Ca impurities 
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 The autoclave process is aimed towards achieving greater lithium recoveries than past 
studies where possible.  
 𝐶𝑎𝐶𝑂3 may be utilised to decompose into 𝐶𝑎𝑂 and 𝐶𝑂2 as a cheaper source 
 This will introduce 𝐶𝑎𝑂 as an additional unintended compound. However, this may 
assist in removing and Fe, Mg and Ca impurities.  
 𝐶𝑎𝐶𝑂3 + ℎ𝑒𝑎𝑡 = 𝐶𝑎𝑂 + 𝐶𝑂2 
 
Caustic Autoclave Process 
The 𝑁𝑎2𝐶𝑂3, 𝐶𝑎(𝑂𝐻)2, 𝐶𝑂2 𝑎𝑛𝑑 𝐶𝑎𝑂 (𝑙𝑖𝑚𝑒) should; 
 Produce battery grade 99.5% purity 𝐿𝑖2𝐶𝑂3 
 Gives a 90% lithium recovery 
 The 𝐶𝑎𝑂 should precipitate the impurities of Fe, Mg and Ca 
 𝐿𝑖𝑂𝐻 and 𝑁𝑎𝑂𝐻 by-products should be recycled 
 CO2 gas will be recycled 
 The activation energy for leaching was 6.5 ± 0.1 kcal/mol.  
 Undissolved impurities of Al, Fe, and Mg should be removed by solid–liquid 
separation 
 Aiming towards gaining a purity of greater than 97.8% 
 When Na, Ca and hydroxyl ions are combined it should produce by-products of  
𝑁𝑎𝑂𝐻 and 𝐶𝑎𝐶𝑂3. 
 Β-spodumene, 𝑁𝑎2𝐶𝑂3, 𝐶𝑎(𝑂𝐻)2 and water are digested to form 𝑁𝑎𝑂𝐻 and 𝐶𝑎𝐶𝑂3. 
 
Overall, the expected pressure leaching autoclave outcomes are to either achieve or 
produce stronger recoveries than those portrayed within the following Figure 42. The 
purity, recover and kinetic relationships were proposed to be determined in the final 
report. These were intended to illustrate comparisons between the obtained results to 
164 
those that have been published as well as amongst the three different lithium micas that 
were to be treated.  
Report 
Autoclave worksheets were to be filled out with the recorded data. Once all tests were 
completed then the data from wet and dry masses, specific gravity, titrations and 
percentage of solids were planned to be transferred to an excel spreadsheet. This was to 
record the specific data for all of the separate test runs.  Any other relevant data, AAS, x-
ray, ICP-MS or laser sizing results were to be included within the Appendix of this final 
thesis report.  
 
Figure 42: Pressure leaching lithium recoveries 




Appendix C Program of Study Add-on 
Table 11: Gantt Chart Enlarged Pg1 
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Appendix D Laboratory Results Add-on 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 17: ICP-MS Results - Autoclave 1 
 
Table 18: ICP-MS Results - Autoclave 2 
 
ExtCal.Average ExtCal.Average ExtCal.Average ExtCal.Average ExtCal.Average
7Li (STD) 44Ca (KED) 63Cu (KED) 103Rh (STD) 103Rh (KED)
Y (ppb) Y (ppb) Y (ppb) Y (%) Y (%)
1 Rinse 0.00 2.01 0.03 94.30 108.23
2 1 ppb 1.32 4.81 2.03 100.61 99.85
3 5 ppb 6.25 7.02 5.55 100.41 99.98
4 10 ppb 12.02 13.79 10.05 101.00 98.43
5 50 ppb 49.97 57.02 44.99 105.41 98.28
6 100 ppb 100.81 108.04 85.99 97.48 97.48
7 250 ppb 246.82 248.45 252.06 93.40 92.17
8 500 ppb 501.43 498.36 502.26 95.08 91.27
9 Rinse 0.07 1.69 0.03 94.12 97.87
10 T1 - H2SO4 79,120.00 9,083.20 83.33 99.37 97.28
11 T2 - NaOH 60,450.99 830.67 12,999.31 88.29 87.38
12 T3 - 75g NaOH 238,895.65 1,770.74 223,533.04 92.65 90.24
13 T4 - NaOH 200C 64,809.01 1,797.19 8,413.36 99.31 97.62
14 T5 - NaOH 225C 207,579.64 595.48 14,710.77 96.63 95.06
15 T6 - NaOH 250C 177,740.49 1,782.89 20,691.82 96.68 97.46
16 T7 - CaOH 200C Liquid 45,944.07 92,767.12 54.98 109.39 108.60
17 T7 - CaOH 200C Wash 13,863.12 151,688.27 143.15 109.22 106.63
18 T8 - CaOH 225C Liquid 166,001.63 52,478.63 -29.49 109.24 108.24
19 T8 - CaOH 225C Wash 45,256.42 75,305.97 -21.70 108.40 108.47
20 T9 - CaOH 250C Liquid 151,224.74 60,894.65 9.86 109.62 107.87
21 T9 - CaOH 250C Wash 150,833.88 72,870.70 -7.93 107.16 106.73
22 T10 - KOH 200C Liquid 140,541.65 1,123.77 1,806.38 96.47 94.43
23 T10 - KOH 200C Wash 12,483.02 68.63 107.65 108.22 106.09
24 T11 - KOH 225C Liquid 166,673.91 1,988.07 1,984.70 96.11 94.90
25 T11 - KOH 225C Wash 24,733.99 260.21 171.04 110.16 108.32
26 T12 - KOH 250C Liquid 167,816.29 1,005.82 2,366.59 96.08 96.78
27 T12 - KOH 250C Wash 46,753.88 8,170.16 406.05 107.88 107.84
28 Rinse 0.20 2.42 0.09 112.02 121.11
ExtCal.STD ExtCal.STD ExtCal.STD ExtCal.STD ExtCal.STD ExtCal.STD ExtCal.STD
7Li (STD) 24Mg (KED) 27Al (KED) 44Ca (KED) 63Cu (KED) 103Rh (STD) 103Rh (KED)
Y (ppb) Y (ppb) Y (ppb) Y (ppb) Y (ppb) Y (%) Y (%)
1 Rinse 0.03 0.19 0.42 0.38 0.11 2.40 5.33
2 1 ppb 0.01 0.22 0.28 0.31 0.04
3 5 ppb 0.02 0.16 0.29 0.35 0.05
4 10 ppb 0.05 0.25 0.54 0.31 0.18
5 50 ppb 0.11 0.57 1.77 1.24 0.43
6 100 ppb 1.30 2.58 2.69 1.61 0.85
7 250 ppb 1.73 2.04 5.69 1.54 2.15
8 500 ppb 2.37 10.42 5.49 5.03 3.78
9 Rinse 0.00 0.11 0.51 0.17 0.04 0.46 1.99
10 T13 - LiOH - Liquid 257,109.84 157.32 10,317.31 283.32 1,811.05 4.74 0.86
11 T14 - Mg(OH)2 - Liquid 1,696.31 2,553.15 298.86 122.69 28.42 0.75 0.64
12 T15 - NaCO3 - Liquid 1,043.30 45.10 5,583.43 158.79 77.66 0.82 1.37
13 T15 #1 - H2SO4 - Liquid 241.41 160.49 220.80 218.45 74.16 2.10 1.41
14 T15 #2 - HCl - Liquid 20.30 164.70 177.25 263.07 61.14 0.44 1.64
15 T15 #3 - H2O - Liquid 24.51 97.02 290.19 84.86 12.99 0.32 1.64
16 T13 - LiOH - Wash 71,039.44 1.11 1,433.58 4.34 43.64 43.88 0.44
17 T14 - Mg(OH)2 - Wash 176.73 93.93 1.40 0.77 0.45 0.54 0.95
18 T15 - NaCO3 - Wash 333.74 44.94 1,259.41 5.81 4.72 0.46 1.09
19 T15 #1 - H2SO4 - Wash 1.63 0.38 0.55 17.38 0.02 0.84 0.73
20 T15 #2 - HCl - Wash 6.50 1.26 1.49 5.57 0.23 9.80 0.52
21 T15 #3 - H2O - Wash 68.57 3.84 13.17 12.09 0.45 10.61 1.70
22 Rinse 1.25 0.39 0.31 0.12 0.01 13.25 2.56
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ExtCal.Average ExtCal.Average ExtCal.Average ExtCal.Average ExtCal.Average
7Li (STD) 44Ca (KED) 63Cu (KED) 103Rh (STD) 103Rh (KED)
Y (ppb) Y (ppb) Y (ppb) Y (%) Y (%)
1 Rinse 0.02 0.74 0.22 102.24 107.27
2 1 ppb 1.02 2.64 2.49 98.24 97.15
3 5 ppb 4.74 5.60 6.34 99.23 97.70
4 10 ppb 9.09 11.65 11.16 98.21 96.17
5 50 ppb 47.97 49.93 50.95 95.32 93.58
6 100 ppb 96.56 98.86 100.23 94.08 92.52
7 250 ppb 245.85 250.29 249.65 91.40 88.76
8 500 ppb 502.99 500.05 500.00 92.74 88.95
9 Rinse 0.04 0.74 0.25 94.14 93.34
10 T5 #1 - H2SO4 - Liquid 1,825.33 4,077.77 1,225.31 96.55 93.09
11 T5 #2 - HCl - Liquid 1,868.62 516.03 681.41 94.76 93.34
12 T5 #3 - H2O - Liquid 2,364.21 16.21 32.03 71.67 72.20
13 T8 #1 - H2SO4 - Liquid 1,623.76 53,447.54 839.23 99.73 98.00
14 T8 #2 - HCl - Liquid 1,500.51 50,625.63 760.09 99.91 98.27
15 T8 #3 - H2O - Liquid 1,655.48 58,039.73 0.91 69.47 73.48
16 T11 #1 - H2SO4 - Liquid 19,371.05 4,324.23 889.87 90.91 93.07
17 T11 #2 - HCl - Liquid 18,570.56 2,084.87 887.87 92.40 92.87
18 T11 #3 - H2O - Liquid 16,148.68 15.96 19.70 83.96 82.15
19 T13 #1 - H2SO4 - Liquid 193,053.26 1,200.42 1,393.84 95.32 96.07
20 T13 #2 - HCl - Liquid 172,697.91 1,002.26 1,103.15 94.32 95.53
21 T13 #3 - H2O - Liquid 81,823.78 14.77 253.97 69.10 68.92
22 T14 #1 - H2SO4 - Liquid 10,788.00 1,538.46 924.92 88.82 90.61
23 T14 #2 - HCl - Liquid 5,399.89 1,183.44 749.83 89.33 91.79
24 T14 #3 - H2O - Liquid 621.77 36.74 0.39 89.16 90.44
25 Blank Separator 2.96 0.89 0.84 85.05 89.33
26 T5 #1 - H2SO4 - Wash 89.72 15.03 21.60 84.00 84.74
27 T5 #2 - HCl - Wash 69.95 3.94 10.54 85.37 85.52
28 T5 #3 - H2O - Wash 71.37 24.36 15.10 84.94 86.67
29 T8 #1 - H2SO4 - Wash 33.05 17,581.39 0.12 72.77 73.82
30 T8 #2 - HCl - Wash 47.69 51,088.79 0.93 58.17 63.84
31 T11 #1 - H2SO4 - Wash 290.71 9.19 1.37 69.70 73.54
32 T11 #2 - HCl - Wash 513.60 16.29 2.66 65.97 74.42
33 T11 #3 - H2O - Wash 460.22 4.19 3.05 69.96 72.98
34 T13 #1 - H2SO4 - Wash 12,042.32 1.36 25.63 63.47 65.73
35 T13 #2 - HCl - Wash 15,926.74 1.58 21.47 63.47 66.60
36 T13 #3 - H2O - Wash 16,662.41 1.29 6.78 62.81 67.53
37 T14 #1 - H2SO4 - Wash 46.77 43.04 0.13 65.37 70.14
38 T14 #2 - HCl - Wash 28.46 48.02 0.45 67.93 70.16
39 T14 #3 - H2O - Wash 29.89 41.76 0.28 66.28 69.37
40 Rinse 11.62 2.15 0.25 67.43 76.20
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Test Filtrate Wash Residues Filtrate Wash Residues Total
T1 - H2SO4 79,120 - - 0.805 - - -
T2 - NaOH 60,451 - - 0.753 - - -
T3 - 75g NaOH 238,896 - - 2.825 - - -
T4 - NaOH 200C 64,809 - - 0.828 - - -
T5 - NaOH 225C 207,580 - - 2.530 - 3.14 5.670
T6 - NaOH 250C 177,740 - - 2.139 - - -
T7 - CaOH 200C Liq 45,944 13,863 - 0.204 0.171 - -
T8 - CaOH 225C Liq 166,002 45,256 - 0.994 0.557 2.07 3.620
T9 - CaOH 250C Liq 151,225 150,834 - 0.570 1.855 - -
T10 - KOH 200C Liq 140,542 12,483 - 1.802 0.154 - -
T11 - KOH 225C Liq 166,674 24,734 - 1.674 0.304 3.30 5.278
T12 - KOH 250C Liq 167,816 46,754 - 1.593 0.575 - -
T13 - LiOH 257,110 71,039 - 3.301 1.747 4.62 9.669
T14 - Mg(OH)2 1,696 177 - 0.020 0.004 2.09 2.114
T15 - Ca(OH)2 + NaCO3 1,043 334 - 0.006 0.003 - -
Reagent Test Filtrate Wash Residues Filtrate Wash Residues Total Accountabilities
Feed 3.32 3.320 102.08
NaOH T5 # 1 - H2SO4 1,825 89.72 - 0.0050 0.0005 3.46 3.466 106.56
NaOH T5 # 2 - HCl 1,869 69.95 - 0.0050 0.0004 3.49 3.495 107.48
NaOH T5 # 3 - H2O 2,364 71.37 - 0.0067 0.0004 3.36 3.367 103.53
Ca(OH)2 T8 # 1 - H2SO4 1,624 33.05 - 0.0047 0.0002 2.21 2.215 68.11
Ca(OH)2 T8 # 2 - HCl 1,501 47.69 - 0.0043 0.0003 2.32 2.325 71.48
Ca(OH)2 T8 # 3 - H2O 1,655 - - 0.0047 - 2.19 2.195 67.49
KOH T11 # 1 - H2SO4 19,371 290.71 - 0.0536 0.0018 3.33 3.385 104.09
KOH T11 # 2 - HCl 18,571 513.6 - 0.0516 0.0031 3.33 3.385 104.08
KOH T11 # 3 - H2O 16,149 460.22 - 0.0467 0.0028 3.24 3.289 101.15
LiOH T13 # 1 - H2SO4 193,053 12042.32 - 0.5842 0.0728 4.00 4.657 143.19
LiOH T13 # 2 - HCl 172,698 15926.74 - 0.4975 0.0951 4.18 4.773 146.75
LiOH T13 # 3 - H2O 81,824 16662.41 - 0.2445 0.0995 4.26 4.604 141.57
Mg(OH)2 T14 # 1 - H2SO4 10,788 46.77 - 0.0296 0.0003 2.17 2.200 67.64
Mg(OH)2 T14 # 2 - HCl 5,400 28.46 - 0.0144 0.0002 2.14 2.155 66.25
Mg(OH)2 T14 # 3 - H2O 622 29.89 - 0.0016 0.0002 2.25 2.252 69.24
Ca(OH)2 + NaCO3 T15 # 1 - H2SO4 241 1.63 - 0.0007 0.0000 - 0.001 0.02
Ca(OH)2 + NaCO3 T15 # 1 - HCl 20 6.5 - 0.0001 0.0000 - 0.000 0.00












Sample_Description Al2O3(%) CaO(%) Fe2O3(%) K2O(%) Li(%) LOI_1000(%) MgO(%) MnO(%) Na2O(%) SiO2(%)
Feed RESI 24.8 0.05 0.12 0.32 3.32 0.21 <0.01 0.044 0.20 64.6
T8 autoclave RESI 17.0 24.2 2.07 8.93 44.2
T8 HCL RESI 17.9 16.7 2.32 11.51 46.7
T8 H2O RESI 17.2 19.0 2.19 11.39 45.1
T8 H2SO4 RESI 17.8 20.9 2.21 13.16 43.4
T14 autoclave RESI 16.1 2.09 10.71 20.2 41.7
T14 HCL RESI 17.2 2.14 9.87 20.6 44.8
T14 H2O RESI 17.3 2.25 10.10 20.5 44.9
T14 H2SO4 RESI 17.3 2.17 10.34 20.5 44.9
Sample_Description Al2O3(%) K2O(%) Li(%) LOI_1000(%) Na2O(%) SiO2(%)
T5 #1 H2SO4 NaOH RESI 28.0 3.46 0.59 0.47 64.2
T5 #2 HCl NaOH RESI 27.9 3.49 0.69 0.46 64.2
T5 #3 H2O NaOH RESI 27.4 3.36 0.44 0.46 62.0
T5 50g NaOH/100g Spod A/C 225C RESI 25.7 3.14 1.67 2.31 58.6
T11 #1 H2SO4 KOH RESI 26.9 0.48 3.33 0.51 64.6
T11 #2 HCl KOH RESI 26.7 0.50 3.33 0.51 62.8
T11 #3 H2O KOH RESI 26.6 0.74 3.24 0.39 61.6
T11 50g KOH/100g Spod A/C 225C RESI 26.8 0.96 3.30 0.59 62.6
T13 #1 H2SO4 LiOH RESI 23.7 4.00 0.92 62.2
T13 #2 HCl LiOH RESI 24.8 4.18 1.00 64.8
T13 #3 H2O LiOH RESI 24.4 4.26 0.93 64.2
T13 50g LiOH/100g Spod A/C 225C RESI 24.8 4.62 1.13 65.2
